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AGENDA

InP MICROWAVE/MILLIMETER-WAVE TECHNOLOGY WORKSHOP

NOSC Meeting Coordinator Hosts
Kitty Pitts Louis Messick (Code 561)
Code 032 Naval Ocean Systems Center
Ken Sleger (Code 6852)
Naval Research Lab
Wednesday, 25 January
1300 Late Registration at the La Jolla Village Inn, Wind and Sea Rooms
Session I
Materials, Processing and Characterization
Chairman: M. Hollis, MIT Lincoln Laboratory
1330 Introductory Remarks - L. Messick, Naval Ocean Systems Center
1335 Recent Advances on the Growth of Bulk InP; G. Antypas, Crystacomm,
Inc., Mountain View, CA.
)
1350 In-Chamber Characterization of Materials Properties During CVD
Processing of III-V Compound and Alloy Semiconductors; D. L.
Lile, R. Iyer, R. R. Chang and B. Bollig, Colorado State
University, Ft. Collins, CO.
1405 In-Situ Rapid Isothermal Processing of II-A Fluorides for InP Based
Devices; R. Singh, University of Oklahoma, Norman, OK.
1420 Encapsulated Rapid Thermal Annealing and Thin Gate Dielectrics for
InP MISFETs; V. J. Kapoor, M. D. Biedenbender and G. J.
Johnson, University of Cincinnati, Cincinatti, OH.
1435 Photoluminescence as a Technique for Assessing Thermal Damage and
/ Implant Activation During Post-Implant Anneal of Sl-Implanted
InP; R. R. Chang and D. L. Lile, Colorado State University,
Ft. Collins, CO.
i 1450 P/N Junction Vapor Phase Epitaxial Growth in InP and JFET Results
with all Epitaxial Layer Growth; J. Crowley, Varian
Associates, Santa Clara, CA.
1505 P-Doping with Maganese in MOVPE-GROWN InP and InGaAs; A. R. Clawson
and T. T. Vu, Naval Ocean Systems Center, San Diego, CA.
1520 InP on GaAs/Si Substrates for Monolithic Integration of Advanced
High-Speed Optoelectronics; S. M. Vernon, Spire Corporation,
Bedford, MA.
1535 Downstream Plasma Activated Etching of II1-V Compound

Semiconductors; R. Iyer and D. L. Lile, Colorado State
University, Ft. Collins, CO.




1550 Break

1620 Panel Discussion: Materials, Processing and Characterization
Moderator: D. L. Lile, Colorado State University

Session 11
Devices
Chairman: R. Singh, University of Oklahoma

1710 The Case for InP, In,Ga,As and InyAs Heterojunction-Based MISFETs,
SISFETs and MODFETs; H. H. Wieder , University of California,
San Diego, CA.

1725 InAlAs/InGaAs Heterojunction Bipolar Transistors; U. Mishrat*,
A. S. Brown** and J. F. Jensen, Hughes Research Laboratory,
Malibu, CA. *Now at North Carolina State University, Raleigh,
NC. **Now at Army Research Office, Durham, NC.

1740 High Performance In,GaAs MODFETs on InP and GaAs; L. F. Eastman,
Cornell University, Ithaca, NY.

1755 Gain and Noise Characteristics of InAlas/InGaAs Strained HEMT’s; D.
Pavlidis, G. I. Ng and M. Weiss, University of Michigan, Ann
Arbor, MI.

1810 End of Session

1900 Dinner

Thursday, 26 January

Session III

Devices
Chairman: J. Berenz, TRW

0830 Non-Stationary Transport Phenomena in Indium-Phosphide-Based
Heterojunction Bipolar Transistors; J. Lucpelouard and M. A.
Littlejohn, North Carolina State University, Raleigh, NC.

0845 Analytical and Computer-Aided Models of InP-Based MISFETs and
Heterojunction Devices; A. J. Shey and W. H. Ku, University of
California, San Diego, CA and L. Messick, Naval Ocean Systems
Center, San Diego, CA

0900 A Study of Enhanced Barrier Schottky Gates for N-InP MESFETs; A. A.
Iliadis and W. Lee, University of Maryland, College Park, MD
and 0. A. Aina, Allied-Signal Aerospace Company, Columbia,
MD.

0915 Research on InP Devices at Lincoln Laboratory; A. R. Calawa,
C. L. Chen, J. D. Woodhouse, S. C. Palmateer, S. H. Groves,
G. W. Iseler, W. E. Courtney, and J. P. Donnelly, MIT Lincoln
Laboratory, Lexington, MA.




0930

0945

1000

1030

1045

1100

1115

1130

1145

1200

1215

1230

Highly Stable Microwave Performance of InP/InGaAs HIGFETs; E.
A. Martine, O. A. Aina, A. A. Iliadis*, M. R. Mattingly, and
E. Hemphling, Allied-Signal Aerospace Company, Columbia, MD.
* University of Maryland, College Park, MD. +¢Also with the
University of Maryland.

Interface Processing for High Performance Insulated Gate
Devices on InP; R. Chang, Z. Zou, K. Han, R. Iyer, and D. L.
Lile, Colorado State University, Ft. Collins, CO.

Break

Multi-Channel InGaAs MESFETs Having Uniform DC and Microwave Gains;
A. Fathimulla, H. Hier and J. Abrahams, Allied-Signal
Aerospace Company, Columbia, MD.

InP Junction FETs with a Nitride-Registered Gate Metallization; J.
B. Boos, W. Kruppa* and B. Molnar, Naval Research Laboratory,
Washington, DC. * George Mason University, Fairfax, VA and
Sachs/Freeman Associates, Landover, MD.

InP-Based Pseudomorphic High-Speed Devices Realized by Molecular
Beam Epitaxy, P. Bhattacharya, University of Michigan, Ann
Arbor. MI.

A Diffused Junction InP JFET for High Speed Integrated Circuit and
Power Applications; C. R. Zeisse, R. Nguyen, T. T. Vu, L.

Messick, Naval Ocean Systems Center, San Diego, CA and K. L.
Moazed, North Carolina State University, Raleigh, NC.

Radiation Effects on InP-Based Electrical and Optical Devices: K.
N. Vu, J. Y. Yaung, R. E. Helander, and G. B. Newstrom, TRW,
Carson, CA.

Session 1V

Applications and Devices
Chairman: B, Fank, Varian

2-40 GHz InGaAs HEMT Monolithic Distributed Amplifier; J. Berenz,
J. Yonaki, K. Nakano, M. LaCon and K. Stolt, TRW, Redondo

Beach, CA and H. Wieder and P. Chu, University of California,
San Diego, CA.

GalnAs MISFET Wideband Microwave Power Amplifiers; D. Bechtle,
L. C. Upadhyayula, P. D. Gardner and S. Y. Narayan, David
Sarnoff Research Center, Princeton, NJ.

Novel Applications of InP Based Technology: Neurocomputing: R.
Singh, University of Oklahoma, Norman, OK.

Lunch
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IN CHAMBER CHARACTERIZATION OF MATERIALS PROPERTIES DURING
CVD PROCESSING OF III-V COMPCUND AND ALLOY SEMICONDUCTORS

D. L. Lile, R. Iyer, R. R. Chang and B. Bollig

Colorado State University
Fort Collins, CO
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PHoToLUMINESCENCE

hv A EG

sPACE CHARGE

/ GAINT H
I s T (O GXP['w/d]

f ARSoRPTION
L ENGTH

RX




hv>Eg

m

e CONDUCTION BAND EDGE

PL, hv=Eg

)

¥ VALENCE BAND EDGE
P

SPACE CHARGE

DEPLETION WIDTH,W

PHOTOLUMINESCENCE INTENSITY AFFECTED BY:

1. SURFACE RECOMBINATION, S
2. SPACE CHARGE LAYER, W

[=19(S,Vs J*EXP(—W-)




5 mW He—Ne Laser

| Anode

l LS—-700 Fiiter
| ‘ !

Pt Ccthocde

Ziecircivte or

Silicon p—i=n . L. .
‘ Eiching Solution

Trensimpedcnce
Amciifier

Voltmeter




Chemical Traa*msnt In=Situ mheotelumines s .-
{Rsigtive intensity ncrmalized to NRL sumiace,

A3 geiianegd{Sr MeCH —=~=—m—m— e 2.4

NRL=———mmm e e m e e

HNOZ=—mm e e e e e 2.3

HF == —mm e e e e 8

ledic Acig=———————————————— C.3

f\H(in MQCH) ___________________ 2.8~C.1 (Unstoble:i

H202==———— e e 2.04

NH4OH == ——— e e z.

3C0 C anneqling—~—————=—=———=——-— C.4

in Ar(SC min)

sSamples previcusly pelished and etched in NRL scluticn.
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IN-SITU RAPID ISOTHERMAL PROCESSING OF II-A FLUORIDES
FOR InP BASED DEVICES

R. Singh

School of Electrical Engineering and
Computer Science
University of Oklahoma
Norman, OK 73019
(405)325-4721
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IN-SITU RAPID ISOTHERMAL
PROCESSING OF II-A FLUORIDES
FOR InP BASED DEVICES

R. Singh

School of Electrical Engineering
and Computer Science
University of Oklahoma
Norman, Oklahoma 73019
(405)325-4721
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EPITAXIAL DIELECTRICS
(A Relatively New Class of Dielectrics)

o II-A FLUORIDES (CaF3, BaF3, SrF; and their mixtures)

e LATTICE MATCH TO MOST IMPORTANT SEMICON-
DUCTORS (Slight mismatch can be used for strained super
lattice approach)

o COMPARED TO AMORPHOUS DIELECTRICS ORDERED
SEMICONDUCTOR-DIELECTRIC INTERFACE
(1) Improved carrier transport (high mobility)
(2) Higher mobilities of electrons and holes in the
dielectric is expected to provide improved hot
carrier and rad. hardening feature

e SEMICONDUCTOR, DIELECTRIC, CONDUCTOR
(SILICIDE e.g. NiSi;) AND SUPERCONDUCTORS ALL
POSSIBLY CAN BE GROWN IN ANY DESIRED SEQUENC

(1) True 3-D circuits with the capability of having
interconnections both on top and bottom
of the device

(2) Near femto second hybrid superconductor /semi-
conductor switching transistors

(3) Integration of microelectronic, opto electronic and
superconducting devices on one chip

o AS A GATE DIELECTRIC MATERIAL COMPARED TO
Si0,
(1) Large band gap (~ 12.0 eV)
(2) Ionic bond (stronger than covalent bond)
(3) Higher Dielectric Constant (~ 7.2)
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Table: Epitaxial Alkaline Earth Flouride

Semiconductor Systems

Fluoride

C&Fz

SI‘F2

Ca;Sri__F»>

Baerl_ng

Semiconductor

Si

InP

GaAs

InP

37

Substrate Lattice
Orientation =~ Mismatch(%)

(100), (110), +0.61
(111)

(100) ~1.2
(100), (110), 0
(111)

(100) 0




TEMPERATURE

H PROCESS @
PROCESS 1
S
PURGE PURGE
L:;As 1 GAS B GASB3 | GaBa
TIME

HETRO PRCESSING
PRECISE CONTROL

PROVIDES
! MATERIAL

COMPOSITION
: BTRUCTURAL PROPERTIES

! ELECTRICAL PROPERTIES
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LARMP MREFLECYOR

WATER COOLED _ ’
00000000

00000000
ASSEMBLY

QUARTZ SAMPLE
HOLDER

CANTILEVER TC

EVAPORATION
SOURCFE

cHl

TURBOMOLECULAR

PUMPING STATION
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(°C)

TEMPERATURE

1000 1653 W

900 1361 W

1229 W

800

700

600

500

400

300

200

100

4 4 A | o d A 1 I

i

O 10 20 30 40 50 €0 70 80 90 100 17

TIME (SEC)

Fig. 1. Terperature - timc cycles ar a functior cf

lanp power.




PROCESSING CONSIDERATIONS

(A) FURNACE PROCESSING (700 -800°C HEATING FOR SEVERAL
MINUTES)

e Diffusion Assisted Chemical Reactions Preferential Evaporation of Flu-
orine
1
Non-stoichiometric And
Disordered Interface
|
Electrically Active Defects Leads
To Instability, Poor Carrier Transport
And Limited Long Term Reliability

(B) IN-SITU RAPID ISOTHERMAL PROCESSING

Load Wafer Into
E-Beam System

|

{ In-Situ Rapid Isotherma) Cleaning |

i
| Deposition (~ 30-50 A) Fluoride At Room Tenip.

|
In-Situ Rapid Isothermal Annealing |

J
Deposit Desired Thickness of Fluoride at Room Ten.p.

J

In—situ Annealing | — | Measu:e Structural Properties -

: Metalizc |

)|

Measure Electrical Properties
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eV
— — — — = 6.20 eV(20004)
6.04
beo/l
Far
uv

5.(7

—_—— e Y 4.14 eV (30004)
4.0
Near
16AY
J 3.18 eV'(39004)
3.0-
Visible
2.0-
: 1.61 eV (77004)
N’
ear
IR
j 1.0

— — — — 083eV(1.5)~
Middle
IR

l

0.21 €V'(6.04) —
(

4

b~ = == |~ cutoff wavelength of tungsten-halogen lam;

5
N 04( A¢) = OFF) + 0CF)

Fr

F o

Ground State Ground State

5.115 eV (2424.2)

Oxygen Oxygen
Molecule Atom:
d i l

—]0. (32;) — O(*P) + 0(3P)

4.25 eV(29204) — ISi V.B. — S§i0, C.B. Transitio:.

— p—— —

— m— w—

[Sn0, Bend Gep,
3.53 eV(35104)

3.45 eV(35504) —

P

o=

-—

-

-

T 3.15 eV(39404) —

1.626 eV(6719.4) —
| et

[Si Band Gap]
1.12 eV(1.11y)

.

— —— —

{Sy C.B. — S10; C.B. Transitior

__——_

[ 1.964 eV(63004) ——, L_° *P) = o lD)___|

0.(°C;) — 0z('L})

0.977 eV (1.274) —

—_—
Ji) —

0.651 eV (1.
>

L0.3¢ eV(3.6p) — (I,

P o —

0.0576 ¢V (2,000

0;(52;) — 0.('Ag)
_____ ey
)

_:e 837K bla-k-boldy rad.
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Thickness: 1003
10

FIG: 1"TM\HZ G-V

X of samples

CGFE

q -3 -2 -1 1
VOLTAGE (V)
CHARACTERISTICS OF 100A CaF_ ON SILICO!

»
CaF, Thickness =100 A

15 4

10 ¢

2 3

EREAK DOWN FIELD tM\V/cm)
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SAMPLE HISTORY

#

Bare

Is;

Isz

Isa

OF
SAMPLE

500A
830°C, 30 sec

500A
800°C, 15 sec

5004
700°C, 10 sec
500A
600°C, 15 sec

50A
700°C, 10 sec

250A
600°C, 15 sec

InP RESULTS

FRONT BACK FRONT BACK
v v A A

11.23 11.23 140 140

7.11 7945 147.65 137.49 ~ 10004

1355 1271 14245 101.15 ~ 1000A

9615 8915 107.73 14403 ~ 3004
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100

(o |

90—

CAPACITANCE

A l A ] b l ) — J Y l A 4 A 1 ry
-1 0 +1 +2 +3 +4 +5 +6

GATE BIAS | V)

Fig. 11 Capacitance-Voltage Characteristics of Epitaxial CaF, on InF.
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SIMULATION OF SELF-ALIGNED GATE PROCESSING FOR INDIUM PHOSPHIDE MISFETS

Vik J. Kapoor

Electronic Devices and Materials Laboratory
Department of Electrical and Computer Engineering
University of Cincinnati
Cincinnati, OH 45221

Mike Biedenbender
Greg Johnson
Mohsen Shokrani

Research supported by NASA.
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SIMULATION OF SELF-ALIGNED GATE PROCESSING
FOR INDIUM PHOSPHIDE MISFETS

VIK J. KAPOOR

ELECTRONIC DEVICES AND MATERIALS LAB
DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING
UNIVERSITY OF CINCINNATI
CINCINNATI, OHIO 45221

MIKE BIEDENBENDER
GREG JOHNSON
MOHSEN SHOKRANI

RESEARCH SUPPORTED BY NASA, WD




P - DOPED SILICON DIOXIDE THIN FILM
AS AN ENCAPSULANT AND GATE DIELECTRIC

ION IMPLANTATION AND THERMAL
ANNEALING OF THIN FILMS

InP MISFET FABRICATION




SAMPLE PREPARATION

INP SUBSTRATES: N-TYPE (SN), (100),1x1016 cym-3
SEMI-INSULATING (FE), (100),R=1E7n-CM

CLEANING PROCEDURES:
STANDARD DEGREASE

INITIAL CLEANING
30 sec - (1:1:4)12:1 (HC1:HF:H20) :H207
30 sec - 10% H3P04/H,0
5 mINn - DI WATER RINSE
3 MIN - 10 wr$ HIO3/H20
5 MIN - DI WATER RINSE
15 sec - (1:1:4)12:1 (HC1:HF:H20):Ho07
15 sec - 10% H3P04/H20
5 MiNn - DI WATER RINSE
No BLOW DRY

PRIOR TO INSULATOR DEPOSITION
15 sec - 10:1 Hp0:HF
5 mIN - DI WATER RINSE
No BLOW DRY

OHMIC CONTACT: MIS CAPACITOR BACK CONTACT
Au/Ge 12% EUTECTIC (1500R): Au (10008R)
ALLOY 5 MIN, 400 C, 10% Hp/Np 1000 SCCM



S10o FILM DEPOSITION

TECHNICS PLANARETCH PEII-A 13.56 Mhz/
AUTOMATIC MATCHING

PROCEDURE:
1. CHAMBER ETCH CF4. 150W,25 mIn
2. Ny PLASMA CLEAN N2, 100W, 5 mIn
3. BAKEOUT N2, S mIn, 275 C
4. LOAD SUBSTRATES AND P; SOURCE
5. BAKEOUT N2.2 HOURS, 275 C
6. INTRODUCE REACTANTS
7. DEPOSIT

PHOSPHORUS RICH INTERFACE

1. Np PLASMA 5MIN,30W,275C,20 SCCM, 500MTORR
2. No0 PLASMA 1MIN,30W,275C,30 SCCM, 500MTORR

$10-
1. 800 MTORR, 30 WATT RF

2. 275 C SUBSTRATE TEMPERATURE
3. NpO; 55SCCM, SiHz; 17.4SCCM

So




RAPID THERMAL ANNEALING
(S102 FILMS AS ENCAPSULANT AND GATE)

SYSTEM: PROCESS PRODUCTS CORP.
RAPID HEAT MODUAL

Ho RTA:

1. 700 C
2. 30 SEC
3. Hp FLOW RATE = 2 LITER/MIN

No RTA:

1. 700 C
2. 30 SEC
3. Np FLOW RATE = 2 LITER/MIN

LOW TEMPERATURE FURNACE ANNEAL
1. 1 HOUR
2. 400 C

3. 10% Hp/No FLOW RATE = 1 LITER/MIN




THERMAL PROCESSING OF INSULATORS

“AS DEPOSIT
LOW ' Hp RTA No ;L
TEMPERATURE — T~ —T

ANNEAL

1) u"z' RTA 1) nl RTA
2) LOW 2) LOW

TEMPERATURE TEMPERATURE
ANNEAL ANNEAL




(W) INIL ¥31INdS
06 09 o€

4 v

(TIMNS

()0

(STHOHSOHd HLIM) OIS 40 SISATWNY S

P
NP

(3

(ND) [HOIFH MV3d Ol Yv3id.
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ATOMIC CONCENTRATION (cm=3)

!019
] 4x1013 cm-2
] LSS-A 150 keV
& N\
10'8- 74
1 /4
107 LSS-B
]
10—
1 1x1012 ¢m-2
: 150 keV
1015 1 L rm 1T 7 LI 1 LR R ] T ¢ 1 1 L T i T LI 1 1 !
0.0 0l 0.2 0.3 04 05

DEPTH (um)
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1018
|~ —— LSS THEORY 1s0KeV, 1x10'2 /cm: —]
"~ ——-- 760°C 30sec H, HF -
g [ e 760°C s0sec H, HNO, ]
“’E —.— 800°C t0sec N, HF
O [T —— 800°C 10sec N, HNO, -1
~
~ 1017 — *‘\ =
> — . -
O ]
=
< pes——— 1
| oo
I“;.ﬂ) —
O - _
z ]
(@) —
&
o
LLi
e 1015 —
(' ]
<< 1
O _
| | N ] ]
10% .1 2 3 4 5
DEPTH (um)
ELECTRON CONCENTRATION PROFILES




INP MISFET FABRICATION

. INITIAL CLEAN

. ALIGNMENT MARKS

. SOURCE/DRAIN

- (MASK #1)
~ETCH 1000A INP:
10wT% HIO3/H20

IMPLANTATION

- (MASK #2) L
-DEGREASE

-30 sec 1:1 HoO:HF
-PHOTORESIST IMPLANT
MASK

-S1: 150keY, 4x1013¢cm-2

INSULATOR

INSULATOR DEPOSITION
-DEGREASE

-30 sec 1:1 Ho0:HF
-S109: 275 C, 30W, 800MTORR, 1000a




tﬁ——-—:——"

InP MISFET FABRICATION

. RAPID THERMAL

ANNEAL
-700 C FOR 30SEC
-Ho OR No

. SOURCE/DRAIN CONTACTS

- (MASK #3)

-Au/Ge 12 wr% (1500A)
-Au (1000A)

-LIFT-OFF PROCESS
-ALLOY CONTACTS

GATE METALIZATION
- (MASK #6)
-Tr (500A)
-Au (4000a)
-LIFT OFF PROCESS

e g

.

Si

a2

i




InP.- MISFET
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\;

InP MISFET -V CHARAC"FERISI'IC

Si(),

H, '
RTA

Si0),
i,
RTA
LOwW
TEMP
.A :‘\’ L

Vt:sv BF-~ ot -
u:?OCHg,;.:. PN

Vt=1.5v
us1200 c"gy.s
D“:(B-TO1 1/cm?ev




INP MISFET

I - V CHARACTERISTICS
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I-V
curve for
InP MISFET

with a

Ge:,‘N4 Insulator

A

10:A




PHOTOLUMINESCENCE AS A TECHNIQUE FOR ASSESSING THERMAL DAMAGE AND
IMPLANT ACTIVATION DURING POST-IMPLANT ANNEAL OF Si-IMPLANTED InP

R. R. Chang and D. L. Lile

Colorado State University
Fort Collins, CO
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He-Ne Laser

Fiiter
InP
Sample suppon
N Transimpedence Amo.

Si PIN

Fig.4.6 Schematic illustration of the apparazus employed for
photoluminescence measuzements ex situ.
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e

P/N JUNCTION VAPOR PHASE EPITAXIAL GROWTH IN InP and InP JFET RESULTS
WITH ALL EPITAXIAL LAYER GROWTH

J. Crowley, D. Tringali and B. Fank

Varian Associates, Inc.
3251 Olcott Street
Santa Clara, CA 95054-3095

79




PN JUNUTLUN VAPUN PHASE BPIPAXLAL GROWLH L)
InP AND InP JFL1 RESULTS WIIH ALl EPITANIAL LAYEKR GROWIHT

J. Lrowtev. L. Trinsallr and 8. ¥Fank

\V'arian associates. Inc.
32531 vicott Street
santa Ciara. €A 930U54=-3UY3

High qualitvy epitaxial growtn orf N-tvpe doped Inf crvstal using
vapor bphase techniques has been weli established tor some time.
However. the sequenciai epitaxial erowth of P-tvpe and N-tyvpe
aobing lavers 1in InP has not been weil demonstrated. especially
using vapor phase technicues. Since device desiens with both P
and N lavers in InP nave excellent potentiatl. (speciticalilvw
miiiimeter wave JFets and Imratrs) work was unaertaxen to make a
special VPE reactor wicth “tnis grewrn capabriity. finrs paner
describes the reactor d-312n u3e: to achievs the h oz anality
P/N evpitaxial junction ant 11 application te the development OFf
an all epitaxial InP Jreczt.
¥

Using a two chamber cesten with sonparate N=fvae (sui-ur a>rant)

and F-tvne {z1ne corant ) doy-1ne CNAMmpRars. sXoorlrent Pos
Junctions have been grown 1n  invy. pPslaron measures dowving
rrofiles show shart transitions trom N-tvpe copling 1rn the low
1027 7com3 range tc F-tire doping in the mia fut>s 7em?
range, Some 1niti=ai  SiM>  measurements show  boern olean
unctinns anrd  some posSsS1Dle zZincg penctratloan intc the Nosuitur
dopecd region. Some rationnale for LDOTNR Of tnese CONIlT.ons can

be g1iven.

" With this Pr/N NMNCT 17 2rowtss Ccapanltllty esanllinsag. warers

with coning protitles tor (n¥ Jrets ha"e been Iriwvh. ranrication
techngiues have bdean gavelsned tor rnhne JEe” andg a namphar ot
devices have Dbeornn macd> and tested. ftesults to aat:> ot a JFE:

wilrth A comrplete enitaxial deo3izn  and  constract: o Ssnow
measured transcondnctance o 3% ms/mm with a zZz.7 ux  gate
length. A nrumber of ade<Sign Ant ranrication chapgses are Do nd
made to rmoproye T he Dertormance Lo eXmneted [oeveis Tor an e’
FET. .
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InP JFET DEVELOPMENT

GOALS AND OBJECTIVES

MATERIAL GROWTH AND CHARACTERIZATION
| DEVICE FABRICATION

ELECTRICAL EVALUATION

CONCLUSIONS




InP JFET DEVELOPMENT

GOALS

* EPITAXIAL InP .P/N JUNCTION
* POWER InP JFET
Po/Z > 1.5 W/mm @ 20GHz

OBJECTIVES

+ DEVELOP VPE REACTOR WITH BOTH P—-TYPE
AND N—-TYPE DOPING CAPABILITY

CHARACTERIZE MATERIAL

OPTIMIZE EPI STRUCTURE FOR JFETs

ESTABLISH FABRICATION PROCESS

PERFORM DC AND RF EVALUATION

MODEL DEVICE

* * * * *

83




T11408d Va4

3,009
a4 n ‘L\\\
* 2408
IUSA
Ut xequeyd 3IT1dS l
ﬁ MDA U0y

f T aouyl \ -

1 M IoQuel|D | GSS—) S—) 5

L Ll Ty u_.l..lﬁw. agrds | M w

€10d4+°H

e

2aa : 7

10d+'H ®uUyl IA

3ujdoq adA1-N pue 2dL1-4
401OVAY 3AdA dul

84




17

S RO -.iv-_-.-.--.»r‘., R g S T RN W T ey —m

T e

10

-3
/ND NA/ (cm ™)
~
o
(o9
[-,]

l015

l 1

4 .6

o
e
o

X(MICRONS)

Measured Transition Between Two Epi Layers

RS

1.




N — T
1304 durdog add - paansroy [eordhy,
(suoadu) X
0y 0°¢ 0°?¢ 0°1 0
c—o~
i
|
ek M
~
z -
< 7
=
>
~
a
8
1
w
w—oﬁ
0
1 1

- ——————— . .. -

-




“em

/ND - NA/

1018

1017

1(.‘16

1015

NI I l : [}N%‘u' 1T R
I I Il I
! i I ' ','I 4
i l ) “ ' J.
iy 1 : i
ail}ﬁl it 'u
:i_ﬁ_d;,;lll'] i h ‘l JH“”I Il )
il il e
TR 8 B i
l,: ,k 4 VI;J n
o i ‘ l' ’ m'ii* U R
i H i H H
e il bt i
%. ‘l- 1] 1
:Il-}-r:h | 1 1 HJ “' ‘ v l
;F'} 1""!“ i | 1 :
il l
IR
L L
i Bt I R e e e
i! ! }H i L P*gte l ce (8 O. 59
|
!i i TH channel 3.4—0 12 o.51
] [ ‘semf-I (10C)Fe ~3deg sud Y cc 3286
'ﬂ‘u | J T A s R TR
I i JHHH I ilffjdz-'ffil ?;“;131 {'::i. ":l'ﬁ ‘:
T e e
it e Tl ALY O aTR
.2 A .6 .8 1.0 1.2 1.4

X (microns}

Mceasured Doping Prefile ¢f JFET Wafer 1vJ 3-2

FE A

RN OIS

:




T T I
| AT |
i . |
- il |
it e et e : i m
l T ) ALY
ITIHI %H!W"lt' 1 ' I I;
i i I j i hipti I
, o 1 Wi
| B e
| i - TR :
7] ! E"‘i!i! | ’E! w | i ‘ ]
iy Alx’ i e \ 0
o™ e R e e
t - ittt TR AR S ER R T
e ne it esaut it T A } I e oot T L
'e i i_w[l“v;-nﬁ"ﬁﬁ~ it il ~1?( T e T T
§ T T T e R
4 =< 1 ]l- “"‘:3 ul J i Iij;é i} , ﬂ!i“‘ifﬁilig; il ; 11
i AT ' NS AT T
' i il ‘ ’ e et
o e RIS ittt i L
5 10 .‘; : :' 2 dopicng length Us
: i rga e 9el7 | o, 48
T ] :
. Ll channel 2.%e |7 0.29%
: in H |
i

seni~-I (100)Fe ~-3deg aud lcc.329<>

e ———
——
.
]
———
et
e ——
e

15 |,‘

. A
.n"'?.' it il ;%; : foeem ”.-I ‘ —retreeer roves i; ‘=
t"n‘ % i T AL IO SRR ST ERT O AL R CHOR LY LR VITLA 1 |

| ] ' RTINS R IETT TRt |
| j iUmnhMHil@HMLWH“ Hiu Ui
0 .2 4 .6 .8 1.0 1.2 1.4

&=
=

X (microns)

Mcasured Doping Profile of JFET Wafer IPJ 3-1




(SLT0A) A

60v0Ldl ¥04d YUidd A-D

188"

2ee’

€ea’

141~

(2v4d/1) 2vo/1

NO




EPITAXIAL InP P/N JUNCTION
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InP JFET CONFIGURATION
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InP FET PROCESS

MESA ISOLATION
SOURCE-DRAIN OHMIC CONTACTS
GATE METAL

GATE ETCH

BOND PAD METAL

PASSIVATION

BACKSIDE THINNING

BACKSIDE METAL

DIE SEPARATION




InP JFET

DRAIN—SOURCE |-V CURVES
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InP JFETS
Lg
(um)
BELL LABS 2.0
NRL. 1.0
VARIAN 2.7

( VARIAN InP MESFET
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CONCLUSIONS

+ GOOD QUALITY InP P/N JUNCTIONS BY VPE
+ InP JFETS WITH Gm/Z = 50 mS/mm HAVE BEEN FABRICATED

* CHANNEL CHARACTERISICS APPEAR DEGRADED
DIFFUSION OF ZINC FROM P—LAYER
DIFFUSION OF IRON FROM SUBSTRATE

* EXTRINSIC Gm IS LOW DUE TO HIGH Rs

» IMPROVEMENTS NEEDED
N~ BUFFER LAYERS
LOWER P DOPING TO 1E18 cmr~3
THIN P--LAYERS
IMPLANTED N+ SOURCE—DRAIN CONTACTS
DECREASE GATE LENGTHS TO < 1.0 um




P-DOPING WITH MANGANESE IN MOVPE-GROWN InP AND InGaAs

s : A. R. Clawson and T. T. Vu

Electronic Material Sclences Divigion (Code 56)
Naval Ocean Systems Center
San Diego, CA 92152-5000
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HOLE CONCENTRATION (CM-3)
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HOLE CONCENTRATION (CM-3)

HOLE CARRIER VS TMIn CONC.

t L Ll T T Ll L] ) L T

- i
3 * Mn-InP (300 K ]
- 21 eccm TCMn 8 RT -
- * Zn-InP (300 K0 1

- 30 sccm DMZn

a3~ Zn (30%)

‘/l

T
=
5

B/
- .——-B/

L__A _— 1 I R 1 | | S t i .
0 .2 .4 .6 .8

TMIn CONCENTRATION (x10-4)

10°

)

JUREEY SRy DU RN Sy W l. -




HOLE CONCENTRATION (CM-3)

HOLE CARRIER VS PH3 CONC.
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DENSITY (cm=3)

LOG

19

18

17

Mn—=1InGalts

'Illl,

16
0

1 d I
Ea
Na
Nd

g
Mv

110

T

32 meV

2. SOE+018 cm-3
2. 00E+Q01S cm-3
4

.Bm

|
i
.
|
]
i




] ;

K P ney L nn
ﬁ' T % - ) J _ R T e | Y 'alll.— T - i’} lln— T Bt } I S J‘.‘— -l-— .r
- 4
| %

:
; AooG ’ ”_ L1
) 3ivalsins  +U - AMT !
. i g0 ‘T - 4MT ;
: D
: £<\.ﬁw.0 +d - wc e T - -~
- * o T & S
| 7
- . - __w
- . e
: e :
- S “J i
R RN SR TN ST SRS TN TRNUURNE U MUY SN (OUUR RN NN S T S SO SN N R
SO L COFANTZOVVONT A =NRY By L (W




‘13Le[1dd padop dy) wolij
UOISNJJIp juedop U\ JO IOUIPIAd oU SI I

oW 0IXP > d M S10BIU0D

pue suondunl IoJ [nJasn ‘Adw 7¢ = v 3q
0} uUMOyS SI [943] JI03dadde gy svenup Jo04

o wd _ oIXy > d o3 juedop

B Se ssau[njyosn 3} SWI[ (AdW (g7
= BY) [943] I03dadoe daap 3y Juy Ilojg

‘3saueduew [LU0qIBILI} SUISH U YA
d[qIssod ST FJAOW ur 3urdop-d sfqejjoryuo)

‘SNOISNTONOD

i !




InP ON GaAs/Si SUBSTRATES FOR MONOLITHIC INTEGRATION OF ADVANCED
HIGH-SPEED OPTOELECTRONICS

Stan Vernon

Spire Corporation
Bedford, MA
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PL Intensity (AU)
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4- GaAs substrate
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PL Intensity (A.U)
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PL Intensity (AU)
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GaAs substrate
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DOWNSTREAM PLASMA ACTIVATED ETCHING OF III-V COMPOUND SEMICONDUCTORS

R. Iyer and D. L. Lile

Colorado State University
Fort Collins, CO
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AlInAs-GalInAs HBTS FOR HIGH SPEED APPLICATIONS

U. K. Mishra*, A. S. Brown**, and J. F. Jensen

Hughes Research Laboratories
Malibu, CA 90265

*Now at North Carolina State, Raleigh, NC
**Now at Army Research Office, Durham, NC
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HIGH PERFORMANCE In,GaAs MODFETS ON InP AND GaAs

Lester F. Eastman

School of Electrical Engineering and National Nanofabrication Facility
Cornell University
Ithaca, NY 14853
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HIGH PERFORMANCE In,GaAs MODFET'S ON InP AND GaAs

Lester F. Eastman
School of Electrical Engineering and
National Nanofabrication Facility
Cornell University, Ithaca, NY 14853

A comparison is made between high frequency performance of
In,Gaq_yAs/GaAs and In 53Ga 47As/InP MODFET's. Tne best f vaiue
for the former's is 150 GHz for .14 um gate devices, and for the
latter is 170 GHz for .10 um gate devices. Average eiectron transit
velocity, in different MODFET's, and other important parameters will
be covered.

This work is supported by the Army Research Office. Hughes

Research, General Electric and Boeing Company.




1
o

COMPOUND SEMICONDUCTOR DEVICE FUTURE HIGH
FREQUENCY TECHNOLOGIES FOR KEY APPLICATIONS
Low Noise Receivers:

MODFETS

1.Al,InAs/GalnAs/InP, (or/GaAs-MISFIT)

2.AlGaAs/GalnAs/GaAs Strained-pseudomorphic
" 3.AlGaAns/GaAs

MESFETS:

1.GalnAs

2.GaAs

High Power Transmitters
1.InP MISFET
2. AlGaAs/GalnAs/GaAs HBT
3.GaAs PBT
4. AlGaAs/GalnAs/GaAs MODFET
5.GaAs MESFET

Logic
1. AlGaAs/GalnAs/GaAs HBT
2.AlGaAs/GalnAs/GaAs MODFET
3.GaAs MESFET
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COMPARISON OF ELECTRON AVERAGE
TRANSIT VELOCITY IN FET's

DOPED CHANNELS

GaAs-1.0x107cm/s
InP~1.6x107cm/s

UNDOPED CHANNELS - 2 DEG's

GaAs substrates and Al ;Ga;As doped barriers
GaAs-1.2 x 107cm/s
In ;sGa gAs-1.5x 107cm/s
In,sGa,cAs-1.8x107cm/s

InP substrates and Al ,In ,As doped barriers

Ga35in cAs~2.€x1C7cm/s

THESE VELOCITIES DETERMINE f; = v /(27 L, o)
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3
O
< o fr = 112 Ghz
a fmax = 250 GHz
~ O
%n
<
< O
O N
(@)
o Lo I S AT A . 4 s v g
1 10 100

FREQUENCY (GHz)

Current and unilateral gain of a 50 pm wide AlGaAs/InGaAs

MODFET (Vgs = 2.0 V, Vgs

I R4

=-0.05V, lgg = 14.7 mA)
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Frequency (GH2z)

Current Gain and Power Gain Versus Frequency

0.2 um T-Gate AllnAs/GalnAs/InP MODFET
AlInAs grown with low Arsenic over-pressure

V4=1.5V, Vg=-1.2V, I14=265mA/mm
100um gate width, Rg=0.5Q-mm
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COMPOUND SEMICONDUCTOR STATE OF THE ART
2Q 1989 ON GaAs SUBSTRATES

MESFET

.1 pm M gate with AlGaAs buffer
600-700 mS/mm £ = 115 GHz

.25 um gate with P GaAs buffer
Logic gate switching <10 ps

MODFET
Doped Al 3Ga 7As/GaAs
1 pm M gate, g, - 450 mS/mm
fix =113 GHz
25 um M gate 1.8 dB noise figure at 60 GHz

59K noise temperature at $ GHz (12°K)
.25 um logic gates switching < 6 ps at 77K

SMODFET
Doped Al 3Ga7As/InyGay.yAs/GaAs
10 um M gate, y - .22, f 55 = 345 GHz, fi = 60 GHz
14 um M gate, y = .25, fi, = 153 GHz
Ips = 500 mA/mm, f,,y =250 GHz

25 um M Gate, y = .22, TW/mm, 50% power-added efficiency
.25 um M gate, y = .15
1.6 dB noise figure at 60 GHz

209K noise temperature at 8 GHz (12°K)

HBT
1.2 um 5 x 1017/cm3 emitter, 1 x 1020/¢m3 base
fix =75 GHz, f,, = 175 GHz
Logic switching time 14 ps
f¢x = 105 GHz with ballistic electron collector J

PBT

.25 um period tungsten control electrodes in base
fix = 40 GHz, 1,55 = 265 GHz

i
ton \

____#




COMPOUND SEMICONDUCTOR STATE OF
THE ART
2Q 1989 ON InP SUBSTRATES

MISFET

1.0 pm gate with SiO5 insulator
4.5 W/mm at 12 GHz, up to 45% efficiency

MODFET

Doped Al 3gIn 55As/Ga y7In 53As/Al 4gIn 50As/InP

2 um M gate - g,y = 800 mS/mm

fry =125 GHz, f;,, = 370 GHz

.83 dB noise figure at 60 GHz

Logic gate switching 6.0 PS @ 300 K, 4.8 Ps @ 77K

.15um M gate - g, = 1320 mS/mm, f; = 186 GHz (50 um)
SMODFET

Doped Al 4gIn 550As/Ga 35In ¢5As/Ga 47In 53As/InP

.10 um M gate, f;, = 210 GHz (200 pm)

HBT )
InP/In 53Ga_y7As/InP - 3.6 x 3.6 pm
Emitter doped to .5-1x1018/cm3, base to 5x1029/cm3
ftx =165 GHz, f ., - 100 GHz @ 300K
fry = 244 GHz at77K




COMPOUND SEMICONDUCTOR TRANSISTOR
PREDICTED PERFORMANCE
SMODFET - Al,GaAs/In,GaAs/Al,GaAs/GaAs
1 um M gate and p doped buffer
1000 mS/mm, .8 A/mm
ft = 200 GHz, fax = 400 GHz
Switching time < 4 PS
MODFET - Al,InAs/GalnAs/AlInAs/InP
.1 um M gate and P doped buftfer
1200 mS/mm, > 1A/mm
fT = 250 GHz, fqax = 500 GHz
HBT - AI,GaAs/lnyGa1_yAs/GaAs
Submicron emitter, fast electron transit,
1-5 x 105A/cm?2
{7 = 200 GHz, tmay = 400 GHz
Switching time < 4 Psec.

InP/In 53Ga_47As/InP

Submicron emitter, near ballistic "electrons
2-5 x 109A/cm?2, switching time 2PS
fT = 400 GHz, fmax = 500 GHz
PBT - GaAs with Tungsten Control Electrodes
T = 100 GHz, fmax = 400 GHz

High operating voltage for power




GAIN AND NOISE CHARACTERISTICS OF InAlAs/InGaAs STRAINED HEMTS

Dimitris Pavlidis, Geok Ing Ng and Matthias Weiss

Center for High Frequency Microelectronics
Solid State Electronics Laboratory
Department of Electrical Engineering and Computer Science
The University of Michigan
Ann Arbor, MI 48109-2122
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Gain and Noise Characteristics of InAlAs/InGaAs
Strained HEMT's

Dimitris Pavlidis
Geok Ing Ng
Matthias Weiss

Center for High Frequency Microelectronics
Solid State Electronics Laboratory
Department of Electrical Engineering
and Computer Science

The University of Michigan
Ann Arbor, Ml 48109-2122




STRAINED LAYER DEVICE PRINCIPLES AND DESIGN

MOBILITY AND VELOCITY CHARACTERISTICS

DC. AND LOW FREQUENCY PROPERTIES

MICROWAVE PERFORMANCE AND GAIN

LOW - FREQUENCY NOISE

DOUBLE HETEROJUNCTION DESIGN AND MICROWAVE
PERFORMANCE

CONCLUSIONS




n+ InGaAs \l// 200A

i Ing goAlg gAS 400A (d,)

18 -3
n INggaAly ,sAS (310 cm )200A (d,)

i InggaAly (gAS 100A (d,)7

i In,Ga,_ As 150A (d,)F
o Ing 43GRy ,;AS 400A d,)

i Ing Al gAS 4000A

i inAlAs/InGaAs Superiattice

S. I. InP (100) Substrate

Ohmic Contacts (Ge/AwNi/Ti/Au)

Schottky Contact (Ti’Au)

1B N

Strained Channel (x=0.80, 0.6S5)
* Strain introduced for x > 0.53 in the channel
* Si doping efficiency of AlinAs can be very high

(Ng ==> > 1019cm3) ==> N ﬁ

but
* Gate Leakage ==>i-InAlAs

* InGaAs Background conductivity control




" By - Eq increases and E, occupation is higher
(1.12 X 1072 to 1.65X10'2¢cm2 for X : 0.53 to 0.65)

* ==>reduced scattering ==> W /{}\

. i
AEC I

* m (strained) |
Y

Larger improvement for Strain-Relief Channel Designs

dg4 InAlAs Buffer

-0.5 0.500eV 0.437eV

Potential Energy (eV)

-1.5 B 43 2meV_(exp)
84.6meV (expt)
E,
. 1 1 A !
Thickness (A)




Eftect of Strained Designs on u ==> T and Iﬂs_ys [

Characteristics

A

* p I with In-percentage

* Best performance for optimum (150A channel) design

* Atlow T

A
reduced Alloy Scattering with X |

* At high T : combined Alloy + Polar Phonon Scattering

A
(Alloy Scattering reduced with X 1 )
2.0
c 65% Ir1, dq=150A
._o- r ’ 3
‘é 1.8 M
g . o
Q N 1
| \
N .
& 2 1.41 _ - 53% In, d3=100A
[4+] -
o ;
= 12 - 65% In, dg=100A
g <4
(n -
1.0 +
L =
o T
120000
J , 65% In, d3-1 5°A
100000 o
= 1 53% In, dy=150A
Z & 80000 4 n-d3=
o 2 4
= & )
g ~— J
I
4000C
20000 +
0 v T Y T Y R
0 100 200 300 400

Temperature (K)




12% Excess Indium
Improved Transport by : * High InAs mole fraction

* Large E, - E, separation and
reduced scattering

* Better Confinement
@ 2.25kV/cm
53%-In V= 1.35x 107 cm/seC ---------

60%-In V= 1.45x 107 cm/sec +7.4% AV improvement
65%-In V= 1.55x 107 cm/sec +14.8% AV improvement

2 - T = 77 K
/0
S T=300K
// /

VELOCITY , 107 cmi/s
A

65% In
s s 60%In
o o 53%In

1 1

o 1 2 3

ELECTRIC FIELD , kv/icm

o




(65% In) InGaAs/InAIAs HEMT (dn = 150A. Lg = 1um)

80.0

Gate Voitage Start « -0.25V
Gate Voitage Step » -0.25V

Drain Soutce Current (mA)
s
o
1

0 /

' 5 k]
Orain Source Vottage (Vorts)

{ww/yw) uaungy 820 uiesq

Extrinsic Transconductance (mS/mm)
g v
/1

Oruin Source Vorage « JOVJ
oo Y r -+ 00
18 1.2 08 04
- Gate Source Voitage (Vons)

Gmmax ( Vgs =-0.975V, Vgg=3V) = 830 mS/mm - Intrinsic

= 530 mS/mm - Extrinsic

Ggg = 39mS/mm (Compare to 33mS/mm with 53% In)
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A
Rgs ¥ for x i ==> uwave tendency is similar to DC

*

»*

Rys i for x = 0.65andlarge Vg | Vgs | => carrier &

Substrate injection

500
g .
o 400 - <
Q . )
c ©0
S 300 o
B2, ]
O
200 -
= ' =
9 100 . 32
3 i o
@)

0 T T L v

0 1 2 3
Drain-Source Voltages (Volts)
80% 65%
(9m/9d)oc 11 6
(Im/9d)RF 14 5




Power Gain, Cutoff and Maximum Oscillation F

_ OB(CAAX] 30.00 T T T
HERT . : !
N b
. |

N Co
‘\ ‘ ‘
w] N n

" L 60%

" HEWY
|
!
—

=y E

!
SN

1 X 1 n nAlAs H
08IN21) \{ ‘
|

a

|

|

i

i

!

v
{
'

L iy HESY
1.000 10.08" FREQ-GHZ 100.0

L os(cmax; 20 8¢ =TT T’T
HENT {

08(N21)
)]

N | wd%

2.0

- JTT 0.9 rfFL m.‘ij'*

ty Power G (10GHz) Power G (18GHz) fmax
0.60 40GHz 13dB (MSG) 10.6dB (MSG) 60GHz

065 45GHz  12.3dB (MSG) 7.5dB (MAG) 46GHz




Low- Fr n i Resistan har risti

40

g 53% In
(e 60% In

——  65% In

0 T T T T T T T TR T T T YT T T T Ty T T T YT

103  10°' 10! 103 109
Frequency (KHz)

Rdsﬁ at low frequencies (interface states responding to AC-signal)

* Minimum Rgg dispersion for x = 0.60

==> Better interface quality for small In-content




£ oise C -

* Voltage Noise Source Spectrum Density (S,,) at device

input
* Bias conditions for minimum noise correspond
approximately to g5, condition

* 1/f": n=1signifies 1/f noise
n = 1.5 signifies transmission-line thermal noise
n = 2 signifies g-r noise

n (f= 610MHz) SV(VAHz)  Vgg(V)  Vgg(V)

53% 0.57 3.2x 1017 -1.37 3
60% 0.61 5.0x 1017 -0.523 3
65% 0.81 20x 1017 -0.464 2
100
65%In
= -q\
I 10
“:>/ 60%In
>
4
':- 53%in
=

\ T rTvverey

1 T v -y vrvreyg v vy

Yy
f/{MHz)

* Small In-composition increases do not influence
appreciably the noise level

* High Corner Frequencies increasing with In compensation

* Consequences on analog circuits and oscillators

M

R




Improving Microwav haracteristics With Doubi

Heterojunction Designs

1N, g, Al g AS 1CCA
8 3
noIng g Al gAS (3x10 cm 1 2°CA
Uoing Aty g RS "COA
ol s Gay g A 15CA
LoIry g, Aly g AS 10CA

o B
/ N oIng g Aly gAS (3x10 cm ) 100A
% (. gp Al g AS 3CCCA

I InAfAs InGaAs Superattce

S ! imP 100} Substrate

% Irmie Ssriacis Ge AN ToaL

- Scrotiky lomtact T AL

-—— . -
Si*ared _tarres

Device Cross-Section
* Thinner bottom layer ==> no parasitic conduction

* Design Basics

%centerin QW  Eg Qccupancy  Ze carriers in 1op
(Donor + Spacer)
Single heterojunction 78.3 85.7 11.5
Double heterojunction 857 7 6

==> Strained Q'V occupation larger in DH-HEMT design
==> Better carrier confinement

* No double-humped E_ - wavefunction for 150A design




Growth Interruption 2 12 5
IV, n )
Time (sec) bo(em</Vg) s(x 10 "em 9)
T = 300K 10,700 2.32
30
T=77K 29,500 2.27
T =300 K 4,650 2.41
120
T =77 K | 27,550 2 08

»

Inverted heterointerface limits overall mobility

* Best characteristics by growth interruption optimization




Drain-Source Current (mA)

DC - ch risti % -In DH - HEMT (lg = 1um)
Vgs (Volts)
45.00 | 0.50
0.00
-0.50
-1.00
22.50 _
-1.50
-2.00
0.00 } I -2.50
0.00 2.00 4.00
Drain-Source Voltage (Volts)
Gds = 13mS/mm

Reduction of Ggs
heterojunction latti

by a factor of 3 compared to single-
¢e-matched or Strained designs




40.00 25.00

m

x

€ —
o 2
5 2
Q 8
©  20.00 1250 32
3 5
A 5
< 3
3 ®
Q 3
N

0.00 0.00
-2.50 -1.25 0.00

Gate-Source Voltage (Voits)

" Omextr (Max) =296 mS/mm @ Vyg = 2.5V, Vgs =-1.4V

" Gmint (Max) = 532mS/mm
ie. lower than for single HEMTs :  — smaller E, occupation

— larger wavefunction spread

" ldss  @9mextr (Max) = 140mA/mm

ldss is larger than for single HEMT's of equivalent doping
(~ 100 mA/mm)

" Smallgmy - Vg dependence
==> better intermodulation distortion

"Im/9g = 22 q

— ]




Current Gain (dB)

lum x 75um  InAlAs/InGaAs HEMT

30 30
24 - 24
18 - -18
12 - -12
6 L 6
0 ———t——r—rrr ————r—rrrrt+ 0

1 10 100

Frequency (GHz)

* fr = 37GHz

fmax = 66 GHz

Unconditional Stability (k >1) @ f > 13 GHz

9.6 dB MAG @ 20 GHz

(gP) uren somod




- The DC, Low-Frequency and Microwave Characteristics
of Strained N-Channel HEMT's have been investigated.

- The mobility, velocity and transconductance, as well
as, cutoff frequency improve with In-composition.

- The output conductance decreases with In
composition.

-  The low-frequency noise characteristics degrade with
very high In- content.

- The Maximum-Oscillation frequency and Power gain of
strained-HEMT's improve with double-heterojunction
design.




NON -STATIONARY TRANSPCRT PHENOMENA IN INDIUM PHOSPHIDE-BASED
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Non-Stationary Transport Phenomena
in Indium Phosphide-based

Heterojunction Bipolar Transistors™
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* This work has been supported by CNRS and the Office
of Naval Research.

** Permanent address:
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Basic equations

Static behavior :

current gain in common base configuration

a=Y B M
M=1
B=1 - ] Transport ratio
Tn
Y= Jn =1 - p Injection ratio
Jn+Jp Jn
Dynamical behavior :
Cutoff frequency
ft=211ttt with tt = Tgeg +tg + tc + Tpc

Maximum oscillation frequency

fmax = k
max~ Y2 | R Cc

with Rp : base resistance
Cc : base-collector capacitance




Selective Injection through Heterojunction

IB _ 12 e'(bh
(Jn) hetero [Jn] homo exp( kT

ey

103 tg/ T,

n

c

L2

S 106

E

£

> 109

?, InP / InGaAs

g W=0.1pm

o 1012 it i
1017 1018 1019 1020 1021

Base doping level (cm-3)




Ballistic and quasi-ballistic transport

= 80 v - —r v
=
: InP / InGaAs ballistic
o Xx=5nm d
< 60 } and = 1
—~ quasi-ballistic
g ) electrons
g a0 } velocllty-relaxed .
5 electrons
Qe 4
=~
£ 20 | \ -
:e /\
=
[7,}
5 0 e 4 L
-1e+8 -5e+7 Oe+0 Se+7 1e+8
Electron velocity (cm/s)
- X . VOB
Jop(x) = Jor(0) exp with A = Q
A )"total'}\'non-iso
W2
B
B=1--—f
2
2L.2
1
S
o
K
- InP /InGaAs
0.1 - - -
0 1 2 3 4

Normalised base thickness (Wg/A)

N
AN

————




Transport factor Injection factor
limitation limitation
10000 3 v Y ¥ \ AN SR Y - v 3
b 9
b Np=1x10"% em3 1
N, = 19 cm3
1000 A = 5x10 m
k=
o
= N, = 3x1020 cm™3
o
| .
3
O 100
inP/InGaAs
i W=0.1pm
10 " ' - L Y 1 " A1 " 1 "
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Conduction band discontinuity (eV)
1000 - " . v — v . v
b -
N, =8x10"8 cmd )
L
N, = 2x10'9 cm™3 ]
s
‘a Ny =4x10"9 cm3
2 100
3
S N, = 8x10'9 cm3
o
AlGaAs/GaAs
] W=0.1pym 1 . i
10 2 - 1 . 12 A 9 e
0.0 0.05 0.10 0.15 0.20

Conduction band discontinuity (eV)

_#




Conclusions

* There exists an optimum value of the conduction
band discontinuity in the emitter-base hetero-
junction leading to a maximum value of the current
gain.

* This effect can be used to improve

the static behavior
or
. the dynamical behavior at a given current gain

* This effect is easier to use in the InP-based syvstem
than in the GaAs-based system:

. optimum value close to the value of the abrupt
junction

. larger effect ( x5 instead of x2)

. smaller recombination velocity at the interface
(MOMBE)




ANALYTICAL AND COMPUTER-AIDED MODELS OF InP-BASED MISFETS* AND
HETEROJUNCTION DEVICES**
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¢Department of Electrical and Computer Engineering
University of California
San Diego, CA
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Device parameters used in MISFET models
for the best fit to the measured data

variable density | uniform density ,
model model unit
L 1.4 1.4 Lm "
Z 1000 1000 wm )
~|

A 0.2 0.2 um

¢ 1000 | 1000 A )
2 -

m 2000 2000 cm /Vs

Ec 20x10° 2.0x 10" Viem

Es 115 x 10" 115 x 10" Viem |

Y ga 238x10 | 238x10° cmis |

3 3.9 3.9 & "

3 124 | 12.4 & )

N, 1.4x10" 1.4x10 cm

Eg 1.34 1.34 Vv '

U, 0.42 0.98 V i

Ng 12x10" 0 cm eV

Eoa 011 | v r

| Vv

Eo Ec - 0.34 }

Rs 06 | 0.6 B

R | 06 | 06 0 '




6861 Aew ur ieadde o1 ‘qy) “suesp 3331 1o Ny M .

}08}J8 100US18A0 A)D0jBA @

SOlISIe]S JBNq-IWIS{

POYIsW UuoneznaIosip Juswa|a-a)ul mapN e
' . S8INjes

'JUNOOJE OJUI $109))8 JaliIeD

104 &xey 0} suonenba souefeq ABlaus pue sauejeq WNUSWOW apnjou| e
'S109)J8 [suURLO-HI0oYS

Jo Butepow pue sisAjeue sy ur jsisse o] UONBINWIS [RUOISUBWID-OM] 95 e

. SaA08lqo

$80IA8Q I010Nnpuodiwies punodwod A-jjf J0 uonenwig [eUOISUSWIP-OM |




alen
€ c 3 0
(ur YA L!.ﬁ - —_— - 0
01 X 05 sy Yeg Oy
— — - 500
v 1aoedg —»} padaopun sy {ep £y
- {5500
weiq padopun sves 0310g
,,,,,,, —_— - {sn00
stensang  -- - »f padopun syeo
—— e e muo
§
(et )y

uoNEBINUIG J0) Pasn BINONNSG 8D1A] 1IN §

sven / sveov

NOTIwINWES FuTn Svyd SWUd I

08€2 = SRS JO 4
g£lLel = m:__oﬁ_ 104
US2A uonenuig




HOTIY KIS W S0 Sy

T r T T 1 T LA T - . | | | | |

271070

B \\...\\\ ,

> O I > o — - i - — ar(l\\\\ IA Fco
s
\\\\\\\ 1
ALO - L

150

A LD VU_

sonsualoBeyD A — | uelq




satiniawly juie 3VEY-Awedle
€ 4 I 0
(un ~>Er»rr_vrrr..rrm.m¢..n..uu+.r:;.:_\oo

’/

\Y,

R e
I T

iy AT & .\..., - ,,.

o

(Ast=PA A0 =0A) vomnausiy ravmieg

e - =

#8119 0eld 1ule Sevd.fvedde

€ 4 ) 0

2liidiisiad) 00

A

(As0=PA'A0=0A) uouncnsay ewaing

a%fie el tete fued furt’e
€ 4 t 0
A:.;>_r>w:r._rt:li:>rh—.r._.t>‘..r.l..tﬁoo

|

(A0L=PA*AO = m>v HONNGUISE ] [PIURLC, |

a9liairaly juin tesy - fuotin
€ 2 \ 0
WA e Lot s bty ) 00

I
i

ANROGUTT 2 A

S -
- . «

RIS
WA

238

Elllllllllll




i
€OTIVIANIT 1ud¥ Svwd-sued TV 11s nult svie fuwy Swey

) F) i 0 £ z \ 0

n
00 tassaasdealrizs, Lildavuiasa e M)A 00 —LI.\.LLFF-L....I.E#&P-»E.EL.? 12
Tt T - A . °
4 AR ) 0 4 Do
4 A 7 ; Zef b
) gt B,
r ._.._ k. -

\\ﬂ‘ WYY "
NN TR 2077
i

(AS1=Pr’AQ= m> ) vonnquisiy uondagg oL PATAD = BA) vonnams uonsag

2

2311e1w1s (et Tewd Sredle
ROTivInuls (vTu fesd. fuvdle € 2 t 0

€ 4 } 0 00 f.r.u......L-r..—...r.:»r»-.»-t».»\r—.frr_?-.v>

00y Lttt bt wa e A \ tristhiis sl s
g 4 . \ i ,
o7, ST . g
\o\ | y g ( 3 .._ IR

LLLLLLLLLLL L
(AS0=PA'A0=0A) uonngqusig vanzaz (A0=PA'A0=DA) uoinquisiq uonzarg

e e m e —— ———— e e i e e A et i




S1NIH
pue s 34SiIN Yibus a1ef uosoiwgns jo Buljspow auyy

O} |9pow [edliswinu [eucisuswip-omy ayy Aldde oy uely

poylaw uoneziaiosip
JUBUIBIS -3l MBU B U0 PASE(] SA0IASP [NTFH 10
|SpOW JeuoisuSWIN-0M} B JO uonejusLS|dWI INJSS8oNg

S134SIN Jo 8duewlopad Indino jo uonduossp sjeindoe
8low B 0} buipes) [apow SaNsuBIoRIBYD A — | URID
OJu! 8j}joid uoHNALISIP Sa)e)s 80BN JO UOISNIOU ay|

Areuiwing

®
40

~




A STUDY OF ENHANCED BARRIER SCHOTTKY GATES FOR N-InP MESFETS

A. A. Iliadis, W. Lee and A. 0. Aina*

University of Maryland
College Park, MD

*Allied-Signal Aerospace Company
Columbia, MD
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FIGURE CAPRTIONS

Figure 1. Family of forward I-V characteristics of diodes passivated for various times.

Figure 2. Barrier height &, versus the passivation time. A gradual increase of @, with

passivation time is evident in this figure.

Figure 8. Auger depth profile of the InP surface after paassivation. The inset of the
figure shows the Auger peaks of oxidized phosphorus at 95 ¢V and 112 eV and elemental
phosphorus at 120 eV. A phosphorus oxide is dominant in this profile.

F;,‘}qw,‘. Drain current-voltage (I4, — Vi, ) characteristics of a transistor with a peak transcon-
ductance of 60 mS/mm.
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RESEARCH ON InP DEVICES AT LINCOLN LABORATORY
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RESEARCH ON InP DEVICES AT LINCOLN LABORATORY*

A R. Calawa, C.L.Chen, J.D. Woodhouse, S.C. Palmateer, S.H. Groves, G.W. Iseler,
W.E. Courtney and J.P. Donn.elly
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-0073

Introduction

For over two decades GaAs was considered the electronic material of the
future. Even today somc rescarchers feel it will always be the material of the
future, although significant commercial markets have been found for LEDS
and to a lesser cxtent for diode lasers and intcgrated circuits.  The use of InP as
an clectronic material has faced even more severe rejection in spite of the
clear advantages offcred by its eclectronic properties. Recently, however.
interest in InP has been incrcased by the demonstration of high-performance
InP MISFETs and InGaAs HEMTs and HBTs fabricated on InP substrates.

Lincoln Laboratory has bcen working on InP and InP-based devices for
over 20 ycars, ncarly as long as on GaAs-based devices. For example. Lincoln
played a pioncering role in the development ol GalnAs/InP diode lasers used
in optical fiber communications.  The Laboratory has equipment for vertical-
gradient-frceze and  liquid-encapsulated-Crochralski  crystal growth capable of
producing scmi-insulating Fe-doped InP  crystals  with a  resistivity greater
than 107 Qcm.  Organometallic vapor phase epitaxy (OMVPE) has been used to
grow InP cpilayers, on InP substratcs. with a carricr concentration of 9 ~x 10-°
cm-3 and mobility of 68,000 ¢m2V-'s 1 ar 77K, Recently, InP with a carricr
concentration of 1 x 10! ecm-Yand  mobility of 25,000 em2V-Ts-Tat 77K has
been grown by OMVPE on GaAs substrates. We  believe that the interim
acceptance of InP devices may depend on the ability 10 imegraie InP and GaAs

Our interest in InP rransisiors has been spurred by the great succoss
achicved by Thompson-CSF and NOSC in using the InP MISFET as a micronane
powcer amplifier.  We believe that this device is a significant competitor to 150
GaAs permeable base power transistor being developed at Lincoln Laborare:s
As a result, over the past two years o osmadl effore has been devoted o ihe
development  of  InP FET's, The  high-Trequeney  performance  of  rally

implanted  p-column  FET's and of p*-allnAs/InP junction FET's  made iy




selective molecular beam epitaxy has been reported previously. Recently we
have begun to investigate SiOjz-insulator MISFETs. Devices with gate length
and gate width of 1.5 um and 500 pum, respectively, have delivered 860 mW of
output power at 5 GHz with a power-added efficiency of 32.5%. Their [jhax IS
typically 18 GHz. We find these results particularly encouraging because these
devices do not incorporate a number of features that can be expecied (o
improve their stability and performance. We will discuss some of thesc
features, including improvements in device geometry and SiO,/InP interface
quality, from a different pcrspective than previously employed. The outline of
this talk is given on Slide 1. Although I have divided the talk into thrce parts,
I intend to spend only two to thrce minutes on the first two parts and the
remainder of the time on very recent work on the development of the InP
MISFET.

History

InP research at Lincoln Laboratory, actually started in the late 1950's.
the time when it was [flashionablc to work on determining the baed structures
of various semiconductor materials. It wasn't until the carly to mid 1960's that
the first InP device, the homojunction laser, was devcloped.  Interest in InP
was spurred with the devclopment of the Gunn diode which was more cfficieni
than 1that in GaAs and with the dcvelopment of 1the InGaAsP quatcrnary
heterojunction  lascr.

Slide 2 outlines the Laboratory's areas of interest and the participant
rescarchers throughout the 1970's and 80's. The interesting fact (0 be ob-
served herc is that, of all the devices developed, only the quaternary lascr has
attracted commercial interest which resulted in the start-up of Lasertron, a
company which manufacturcs thesc lascrs.

All of the InP microwave transistor rescarch at Lincoln Laboratory  was
performed within the past two ycars and is outlined on Slide 3. J. D. Woodhouse
and 3. P. Donnclly devoted only a small fraction of their time on this work and
published the two JFET papers listed here. Although these devices are state-of-
the-art, they offer no competition to GaAs devices.  The InP MISFET is. how-
cver, quite a different maucer.  With three times the power handling capability
of GaAs microwave devices operating at the same  frequency and  ncarly  twice
the c¢fficiency, the InP MISFET cannot be ignored.  The remainder of this talk

will be devoted to our cfforts 1o fabricate this device in the past few months,




Current Research

Slide 4 is a photograph of one of the first InP power MISFETs that we
have constructed. The photolithography mask set used to fabricated this
device was designed for the fabrication of a 2 GHz GaAs power MESFET, and is
not considered an optimum structure for the InP MISFET. The objective in
building this device was 1o determine how difficult it would be to achicve ncar
state-of-the-art power performance. and to investigate the reported problem
areas of the device by analyzing its DC and RF output characteristics.  The
active channel of the device consists of an OMVPE grown n-type InP cpilayer
with a carrier concentration of 2 x 1017 cm-3. An nt cap was also grown to
improve the source and drain contact resistances.  After applving the source
and drain contacts, the gate region was chemically recessed 1o obtain the
desired drain current. A 20A Si laycr was dcposited over the gate region
followed by a standard pyrolytic oxide grown at about 400°C. The rcason for
the Si layer will be made clcar in my discussion on insulators. Thc gate length
and width of the device are 1.1 pm and 500 pm respectively.  This device had an
output power of 850 mW at 5 GHz with an associated gain of 4 dB. he output
power of ncarly 2 W/mm of gate width was obtained with a power added
cfficiency of 32%. These characteristics are plotted as a functton of druin
voltage on Slidc 5. While this output is about a factor of two less than the best
recported value for InP MISFETs. it is considerably better than that achiceved
with any GaAs devices. Both of the InP MISFET problems of drain current drift
and catastrophic burnout were observed in this device. These arc outlined in
Slide 6. The drift in drain current over time when the drain bias is constan
has been attributed 1o traps in the gate insulator. By properly depositing the
insulator at low temperature. the drain current drift can be reduced to a fow
percent over many hours of operation.

The catastrophic  burnout occurs when the RF power input to the
transistor is turned off beforc the drain voltage is turncd off. If the drain
voltage is turned off prior to wurning off the the RF input, the device is not
harmed.  We belicve some information may be gained regarding burnout by
obscrving the frequency dependence  of  three-terminal  transistor  character-
istics.  These arc shown on the Shide 7

The current-voltage characteristics were taken point by point ar 300 Hy

and 20 kHz. A 12.5 Q drain-load resistor was used. Two factors are immcediately

~3
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obvious. The transconductance is higher and the device 1is capable of
withstanding a considerably higher drain-source voliage (V4s) at the higher
frequency. Note that the drain-source breakdown occurs at a much lower
voltage for the low frequency drive, particularly ncar pinch-off.  Clearly, the
frequency dcpendence indicates that slow traps are responsible for the
observed effect. The data also suggest that the traps may be in the buffer layer
and not in the oxide as one would suspect. This is consistent with previous
obscrvations that decreasing drain current drift which is known to be related
to states at the gate insulator-semiconductor interface, does not curc or cven
Iessen the burnout problem.

Our approach to minimizing surface states or traps at the gate insulator-
InP intcrface is illustrated in the next few slides.  We belicve that during the
deposition of any insulator on InP scveral distinct layers are likely to form in
the InP. Schematic representations of these  interface layers are shown in
Slide 8. Evidence for the existence of these layers has been provided by high
resolution transmission clectron microscopy. The reason multilayers form s
well known.  Virtwally any hcating of the InP will cause the loss of P and any
exposurc to air (cven at room (cmperature) will cause the sorface material 1o
oxidize. The figure on the left illustratcs what will likely happen if SiOa is
deposited onto InP.  The degree to which this will happen depends on the
deposition temperature.  The cnergy band diagram below the figure illustrates
the trapping states which could occur in such a laycred configuration.

Obviously this diagram is idcalized in that there will surcly be an intermixing

of the layers.  Also, the conduction band discontinuitics between these layers
arc not known.  Still the model bears some merit.  In losing phosphorus the
surfacc of thc InP will be In rich and oxides of In will form. The InP below

that laycer should be stoichiometric and the oxide is likely to become InPOy.
The most common In oxide, InpO3 is known to be conducting and InPOy ixs
insulating which is consistent with diagram shown. In the middle figure. SiO>
has been deposited on sulfurized InP. The InaSy and 1nPSy which are belicved

to be formed, arc semiconductors with band gaps of 2 ¢V and 3.4 ¢V

respectively. The resulting conceptual band  diagram is  shown below  1he
figure.  Again thc possibility of trapping at this imerface ix evident.  The

figurc on the right assumes that the InP is sulfurized in the presence of a
high phosphorus overpressure.  This would be anafagous w0 the onvidation of Si
where a clean interfuce could be maintained. That. however, is as far as the

analogy would go.  The diclectric breakdown strength of InPSy is considerably

(3]
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less than that of SiOp, therefore the layer thickness required is much greater.
This would lower the gain of the MISFET. The higher dielectric constant of
InPS4 (er = 9.4) would result in a higher gate capacitance and lower operating
frequency.

Slide 9 represents an alternative approach for depositing a stable SiOj
layer while reducing the semiconductor oxides. The depletion-mode GaAs
MISFET was recently revived when a thin Si layer was placed between the GaAs
and SiOjy insulator.  Apparently this layer decreased the GaAs surface state
density to the point where the Fermi level at the GaAs-SiO; interface became
unpinned. The role of the Si remains unexplained. We suggest that the Si may
act as a getter for oxygen and that some of the surface staics may be duc to
oxides of Ga or As. We also suggest that thc same process may work for InP if
proper procedurcs arc cmployed. In the proceedure we have cmployed, Si is
deposited by molecular beam epitaxy (MBE) onto an InP surface which has
bcen exposed to air. The wafer is then anncaled at sufficiently high temper-
ature to reduce the InP oxides. From our experience with MBE growth on InP
surfaces this temperaturc is known to be in the range of 500-5500C. Free In
should cither react with the phosphorus (if a phosphorus overpressure is uscd
in the annecaling) or vaporize from the SiO» surface. The anncaled layer is
depicted in the diagram on the right. In this casec a very small amount of
InPO4 remains. Whether this would bc more desirable than having an cxcess
of Si at the interface is not clear, but either structure couid be achicved by
adjusting the amount of Si deposited. Wce belicve the resulting structure would
bec stable at all subsequent processing i1emperatures. Augcr profiles of our
first attempt at producing such a structurc are shown on Slide 10.

About 40A of Si was evaporated in an MBE sysiem with a base pressurc of
5 x 10-'0 Torr onto an OMVPE grown InP cpilayer which had bcen cxposed to
air at room temperaturc for about two hours after removal from the OMVPE
rcactor. The wafer was removed from the MBE system after the Si deposition
and cxposed to air for about onc hour beforc loading into an OMVPE system [for
anncaling.  The wafer was then anncaled at 600°C for 20 minutes with the
samc phosphinc flow uscd in that reactor to grow high quality InP. Hs was the
carricr gas used in the OMVPE rcaclor which may be undesircable because of
its tendency to reduce SiO3.  The wafers were coxposed to air at room temp-
crature for threc days prior o taking the Auvger profiles, These data were
obtaincd from the constituent clement profiles by assuming that the only

matcrial remaining at the end of the sputtering was stoichiometric InP, and by




normalizing the Auger traces to these values. Since these are the first profiles
obtaincd, we hesitate to draw too many conclusions. Still, the profiles are in
agreement with our expectations. In the upper traces it appears that the
cxcess In magnitude and the depth of the region of excess In are reduced afier
anncaling. In the lower traces it appears that the oxygen is accumulating at
the surface. This is also predicted by the modcl assuming the oxygen s
gettered by the Si. Ti-Au dots were cvaporated onto the annealed and
unanncaled layecrs in an attempt to obtain C-V profiles. In each casc the
surface layers wcre too thin to sustain the required voltages. Howcver, the
resistance of the annealed layer was about S5 times greater than that of the
unanncaled layer.

In conclusion, we feel that the success of the InP MISFET will play
very significant role in the acceptance of InP IC's Devices like the {nP
MISFET which arc not mercly marginally better than GaAs devices intended
for thc same use. but 2-3 umes better. will accelerate the acceptance of the
material.  We have shown that a thin layer of Si between the InP channel
layer and an SiO> gate oxide is bencficial in reducing drain current drift and
have presented a model for the interface rcaction. We  belier o that the
optimization of this structure will significantly rcduce the InP  MISFET

problems.

*This work was supported by the Department of the Air Force. The views
cxpressed arc thosc of the authors and do not rcflect the official policy  or

position of the U.S. government.
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InP MICROWAVE TRANSISTOR TECHNOLOGY

CURRENT InP MISFET RESEARCH

( WILL InP IC's EVEP MAKE [T7)
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InP OPTOELECTRONIC DEVICE INTEREST

1970

CRYSTAL GROWTH

G.W.ISELER

S.H. GROVES

JJ. HSIEH*
Z.L.LIAU
S.C.PALMATEER
AR CALAWA

DIODE LASERS AND ARRAYS

J. ROSSI*
J.J. HSIEH* (Lascrtron)
JN.WALPOLE

OPTOELECTRONIC SWITCHES

A.G FOYT*

FJ. LEONBURGIER*
V. DIADIUK
DETECTORS

C.E. HURWITZ*
R.H. KINGSTON¥*

SOLARCELLS

G.W. TURNER

N Honger at Lancoln Laboratory

- 1989

LEC substrates
LPE, MOCVD
LPE

I.PE

MNOCVD

MBE

Z.L.LLIAU
D.Z. TSANG
V. DIADIUK

CH.COX
R.C. WILLIAMSON

V. DIADIUK
1P, DONNELLY




InP MICROWAVE TRANSISTOR TECHNOLOGY

1986 -1988

MICROWAVE TRANSISTORS

J.D. WOODHQUSE
JP. DONNELLY

"Fully Implanted p-column InP Field-Effect Transistor”,
J.D. Woodhouse and J.P. Donnelly, IEEE Electron Device Letters EDL-7,
387 (1986)

"p+ -AllnAs/InP Junction FET's by Selective Molecular Beam Epitaxy”

J.D. Woodhouse, J.P. Donnelly, M.J. Manfra, and R.J. Bailey, IEEE
Electron Device Letters 9, 601 (1988)

RESONANT TUNNELLING OSCILLATORS

ER.BROWN
T.L.C.G. SOLLNER
AR. CALAWA
CL.CHEN
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TWO MAJOR PROBLEMS WITH InP MISFETS

« DRAIN CURRENT DRIFT

1) DEFINITELY INSULATOR RELATED
2) LESS THAN 4% IN 2 HRS FOR OUR DEVICE
(20 KHz, 4 V PEAK-TO PEAK GATE DRIVE)
« CATASTROPHIC BURNOUT
1) OCCURs IF Vg (RF) IS TURNED OFF BEFORE V(s
2) MAY NOT BE RELATED TO DRAIN CURRENT DRIFT
3) POSSIBLE CAUSES:

a) Slow moving positive charge at oxide-InP
interface

b) Slow responding traps in Fe-InP buffer
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PUTTING INSULATORS ON InP

SiO, SiO,
In, S,
InP
"PO4 IPS, InPS,
InP inP InP
SiO SiO,
In,04
In,0O4 In,S, InPS,
InPO
InP InP InP
E. E, [ E,

For evidence of multilayer structures formed at SiO2 / InP interfaces see:
"High-Resolution Microanalysis of Semiconductor Interfaces”, O.L. Krivanek and

Z. Liliental, Ultramicroscopy 18, 355 (1985)

"Native oxide formation and electrical instabilities at the InP interface”
J.F. Wager, K.M. Geib, C.W. Wilsem and L.L. Kazmerski, J. Vac. Sci. Technol. B1

778 (1983)
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OXYGEN GETTERING AT InP - SiO, INTERFACES

2IN503+3Si+4P -ooemeee > 3SiOs+4InP

MBE-DEPOSITED

ANNEAL WITH P

Si OVERPRESSURE
' 'Si SiO
St ),ZﬁL S0,
n20s In,04
InPO inPO,
e InPO,
InP inP InP
Slide 9
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RATIO OF In:P

INTENSITY (ARBITRARY UNITS)

AUGER PROFILES OF Si COATED InP

' In/P RATIO
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HIGHLY STABLE InP/InGaAs HETEROSTRUCTURE INSULATED-GATE FETS

Eric A. Martin*, Leye A. Aina, Agis A. Iliadis®,
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Outline

e Motivation/Justification for InP/InGaAs HIGFETSs
e Gate Insulator Technologies: SiO, and InAlAs

e DC Characterization - high transconductance

¢ Reduced Drain-Current Drift

e Microwave Characterization

e Summary and Future Work




MOTIVATIONS FOR HIGFET
RESEARCH

e Favorable Electrical Properties of InP /InGaAs:
high pu, v,., large I'-L separation

e Resulting Expectations of High Performance FETSs:
high g, and f..., large BVsp, low access resis-
tance-

e Opto-electronic compatiblity with InP /InGaAs-
based photodetectors and sources




Gate

150A InAlAs

/ 200A InP \
........................................................................ - ... ...\ —2DEG
/ 1000A InGaAs

2000A InP Butfer

Si InP

InAlAs-Based HIGFET

Cross-Section

e Alllayers undoped, lattice-matched; InP /InGaAs
heterojunction channel

e In-situ-grown Ings,Alj 4sAs gate insula-
tor (15 nm)

¢ 3um source-drain spacing, 1um gate length




InAlAs-Based HIGFETSs:
Progress

e High Transconductance: 566 mS/mm (300K:
unstable at 77K)

e No Drain-Current Drift

e High Output Condutance g, = 50 mS/mm

e Voltage Gain g,,/g, = 10
e Threshold Voltage (V, = —-2.5V [300K])

e Breakdown Voltage as large as 8-10V. 1-2V
for high gain devices




ID normalized

#263: InAlAs-based HIGFET
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Gate

fzoOAlnP!

— 2DEG

2000A InGaAs

2000A InP or InAlAs Buffer
(opt.)

Sl InP

SiO,-Based HIGFET Cross-Section

e Undoped, lattice-matched InP/InGaAs het-
~ erojunction channel
e PECVD-deposited SiO, gate insulator (30-
60 nm)
e Implanted Si?® source/drain




S10,-Based HIGFET Summary

e Good DC Gain g, /g, = 260/18 = 14
e Very Large BVgp > 20V
e Ips at peak transconductance = 0.6A/mm

e Normally on due to trapped charge; depletion
or enhancement mode

e Best BVps =10V — 12V
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Si0,-Based HIGFET 1, drift at 5GHz
e DC bias VD=2.5V, VG=0V
¢ 5GHz V, superposed, 6dB gain

e DC bias at peak transconductance

e Drift < =4% over 15 Hours
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Summary and Future Work

¢ Si0,-Based HIGFET More Promising than InAlAs-
Based

¢ Si0,-Based HIGFETs Promising Microwave Power
Devices

e Need to Process Short Gate-Length Devices for
Extended Frequency Performance

e Emphasize High Power Density (>1W/mm)

e Control of Bulk and Interface Traps for Normally-
Off, Enhancement Mode Switching FETs




INTERFACE PROCESSING FOR HIGH PERFORMANCE INSULATED GATE DEVICES ON InP

R. Chang, 2. Zou, K. Han, R. Iyer, and D. L. Lile

Colorado State University
Fort Collins, CO
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. Table 1
PHOSPHOROUS (or As) TREATMENTS
(CVD dielectric growth except as noted).
Dielectric and

Author Reference reactants l Result
Y. Hirota J. Appl. Phys. 53 | Thermal nitride + ! Ng, v 1017 near cB. PL
and 5037 (1982) PaNg from (PHj3 + i used to identify a

|

i

PN R —

T. Kobavashi NH3) reduction in surface
defects due to PH3
E. Yamaguchi i Thin Solid Films PAs N from As in addition to P

et al.

. 103, 201 (1983)

R - WH
(A3§3 + PHy + NH)

decreases Ngg v 1011

Y. Furukawa

Japan J. Appl. Phys.

23 1157 (1984)

| PN from (POCL3 + ¥H.)

Improved C-V

T. Kobayashi
et al.

55,

J. Appl. Phys.
3876 (1984)

Al503 in presence of
tri ethyl phosphorous

Order of magnitude
reduction in Ngg with
phosphorous

S. Krawczvk
et al.

1

Electron. Lett. 20,
255

(1984) . o

As pretreatment Inhidits
surface degradation
during annealing

L. G. Meiners

Thin Solid Films
113, 35 (1984)

AlP .0, grown in
presence of Y.

Increased resistivicty
and lower Ngg ™ 101l

0. Mikami
¢t al.

Japan J. Appl.
Phys. 23 1408
(1984)

PN from (POCLlL. + NH,)
3 3

[nversion MISFET on
p~InP with "-zero
drift

E. Yamaguchi
and M.
Minakata

J. Appl. Phys. 35
3098 (1984)

BN from (NHj + 3-fg) in
presence of ?HB

. 10
Ngg ~ few 10 near
mid gap

R. Blanchet
et al.

Appl. Phvs. Lett.
46, 761 (1985)

e-gun evaporated 31403
with As pretreascment

Reduced C-V hvsteresis
and reduced Nggq
inferred near C3

K. P. Pande
and
D. Gutierrez

Appl. Phys. Lett.
46, 416 (1985)

$i0, from (SikE, + N,0)
in presence of ?4 -

MISFETs on SI In? with
drift <37 and enhanced_
u v 3450, Ngg - 8 x 10+¥

R. Schachter
et al.

Appl. Phys. Lett.
47, 272 (1985)

o _ i
Evaporated P, aigh
resistivity semi-
conductor

S A

c-v lees Nss s 2 x;a_
at minimum and general
reduction in Ng g near

CB

N6
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MULTI-CHANNEL InGaAs MESFETS HAVING UNIFORM DC AND MICROWAVE GAINS

A. Fathimulla, H. Hier, J. Abrahams, and E. Hempfling

Alljed-Signal Aerospace Company
Aerospace Technology Center
9140 0l1d Annapolis Road
Columbia, MD 21045
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InP JUNCTION FETS WITH A NITRIDE-REGISTERED GATE METALLIZATION

J. B.yBoos, W. Kruppa* and B. Molnar

U. S. Naval Research Laboratory
Washington, DC 20375

*George Mason University
Fairfax, VA 22030

This work was supported by the Office of Naval Technology.
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InP-BASED PSEUDOMORPHIC HIGH-SPEED DEVICES REALIZED BY
MOLECULAR BEAM EPITAXY

Pallab K. Bhattacharya

Solid State Electronics Laboratory and
Center for High Frequency Microelectronics
Department of Electrical Engineering and Computer Science
The University of Michigan
Ann Arbor, MI 48109-2122

Work supported by the Army Research Office the the National Science
Foundation.
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Outline

Background - InP based devices

Role of Strain in altering the bandstructure and transport
properties in thin layers

Pseudomorphic n- and p-type modulation doped heterostructures

— Materials properties
— Device characteristics
Pseudomorphic Resonant Tunneling Diodes

Role of Tensile Strain
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I. Background — InP based Devices




Favorable Attributes
e Ing53Gag 47 As/InP with E; = 0.74 eV is useful
for fiber-optic communication

o The ternary material also has high um. high v and
large I' - L separation

o Ings3Gag.47As/Ings9Alg 48As heterostructure has high
band offset and better carrier confinement

Applications
o High Speed Devices ~» MODFETS ( hOfD‘;iL::‘;%J
o Detectors. modulators and lasers
Recent Results

1 um gate .\IODFETS 0.1 um gate MODFETS:
g(ext) ~ 400 mS/mm gmext) = 1080 mS/mm
fr = 32 - 36 Ghz fr =170 GHz

NF.=08dB

gain = 8.7 dB at 63 GH/
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II. Bandstructure and Transport Properties in
Pseudomorphic Layers
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Properties of 2-DEG in Pseudomorphic >33

sheet charge density (1/cmA2)

percent of carriers in first subband

1.5e+12 1
InP based system
l.4e+12 e 4
+
1.3e+12 1
1.2e+12 -
1.1le+12
1 GaAs based system
1.0e+12 o
9.0e+11 +— —T -—r
0.00 0.02 0.04 0.06 0.08 0.10 0.12

excess In concentration

0.10 — E4
E3
p m

0.05 > *
- - — —— El
>
D
oy 0.00 Ef
s
5 1
< 2
.05 1 * - . 104
I —
Ec
'010 T T v T M Y v L M T B |
000 002 004 006 008 010 012

excess [n concentration

0.90
0.80 InP based system
1
0.70 1
GaAs based system
0.60 +—— — -

0.00 0.02 0.04 0.06 0.08 0.10 0.12

excess [n concentration
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Valence Bandstructure of Pseudomorphic
Ing »GaggsAs/AlGaAs p-MODFET / &z de Q-
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ITII. Growth and Characterization of Strained
Heterostructures and Multiquantum Wells
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Growth of Near-Perfect InGaAs/InAlAs
Modulation-Doped Heterostructures

Roughness of InAlAs Growth Front:

- Growth Interruption

- RHEED Monitoring

- Recovery with and without InGaAs coverage
- Control of arrival rate of atoms

Reduction of impurity movement during
growth of inverted structures

— low temperature InAlAs buffers
and appropriate growth interruption
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Thermodynamic Equilibrium Considerations
for Pseudomorphic Growth

5 . 2 Lq W,
/ £ e n ~f—
CYPEGLTy )" o
» : ) Ld
Ld/ n Echem = n° - 4_n-W2

(b) System growing in 3-D mode with unfulfilled
2nd nearest neighbor bonds

For d. < 20 monolayers => Growth is 3-Dimensional

RKCH




Il. Growth Modes

e Lattice-Matched Systems

Free energy minimum for growth automatically
favors smooth surface

e Strained Systems

Energy minimization favors 3-D growth
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IV. Properties of InGaAs/InAlAs Pseudomorphic
Heterostructures and Devices
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n InGaAs 3 E18 200A

InAlAs 300A

n InAlAs 3E18 200A

InAlAs 100A
In(x)Ga(1-x)As 150A
InGaAs 400A
InAlAs 4000A

InAlAs/InGaAs S.L.

inP (100)

2 1 x=0.53(Semple A)
4 Py

/’4\»‘\ x = 0.00 ( Semple 8 )
y Pl

~ x = 0.66 ( Sampile C )
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VELOCITY , 107 cnv/s

N

-b

o SampleC

Sampie B

Sampie A
L i
1 2

ELECTRIC FIELD , kV/em
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Tabin |. Measured Hall Data from In,Gaq.,As/Ing 52Alg 4gAs Heterostructure

Simile  Channel Mobility(cm2/Vs)  2DEG Density (1012cm™2)
Composition 300K 77K 300K 77K
A 0.53 11,500 50,100 1.65 1.60
8 0.60 12,300 65,200 1.79 1.74
C 0.65 13,900 74,000 1.82 1.79
L] 4 ]

Table |l. Transport Data obtained from Hall and Shubnikov-de Haas (SDH)

Measurements
Sample(x)  Hall Data at 4.2K mimg  Ng® N¢P) Eq-EqC)
up(cm2/vs) npy(10'2cm-2) (10'2cm2)  (meV)
A(0.53) 67,900 1.48 0.04640.002 1.12 026  43.2
B(0.60) 95,000 1.85 0.046£0.002 153 0.049 761
C(0.65) 134,000 1.85 0.046£0.002 165 0.049 846

a) Lowest subband occupation at 4.2K determined from SDH measurements.
b) Occupation in ﬁrss excited subband at 4.2K

c) Energy separation between ground state an first excited state in the
2DEG.

d) These values are approximate.
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VI.

Quantum Wells Under Tensile Strain
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STRAINED QUANTUM WELLS : TENSILE STRAIN
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V. Growth and Properties of InP-based Resonant
Tunneling Diodes
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A DIFFUSED JUNCTION InP JFET FOR HIGH SPEED INTEGRATED CIRCUIT AND
POWER APPLICATIONS

C. R. Zeisse, R. Nguyen, T. T. Vu, L. Messick, and K. L. Moazed*

Electronic Material Sciences Division (Code 56)
Naval Ocean Systems Center
San Diego, CA 92152-5000

*Department of Material Science
North Carolina State University
Raleigh, NC 27695-7916
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A Diffused Junction InP JFET for High Speed Integqrated Circuit and Power
Applications

C. R. Zeisse, R. Nguyen, T. T. Yu, L. Messick, and K. L. Moazedx

Electronic Material Sciences Division *Department of Material Science
Naval Ocean Systems Center North Carolina State University
San Diego, CA 92152-5000 Raleigh, NC 27695-791e¢

Junction field effect trangistors have been made by selective
diffusion of zinc into InP channel layers. Devices with an epitaxial channel
have a transconductance of 120 mS mm-1, the highest reported to date.

Zinc diffusion for the gate was carried out in a closed ampoule using
a source of powdered Zn2As3. The temperature was S35C for 4 mirutes followed
by a quench in water. This produced a hole concentration of (1-2) E18 cm-3 to
a depth of 0.5 microns in a Si implanted layer of electron concentration
(mid-high) E16 cm-3 and total thickness 0.8 microns. The diffusion was masked
by S102. The gate opening was 1.5 microns by 250 microns. Source-drain
metallization was AuGe (0.2 microns)., Gate metallization was unalloved Ti1/Au
(0.1 microns/.25 microns). The dc charactericstics of thic device show a3
transconductance of 20 mS (80 mS mm-1) at Vgs = 0 ¥ and a gate to source
leakage of 100 nA at Vgs = -2 VU,

Zinc was also diffused into an InP channel (lE17 em-3, 0.45 microns)
epitaxially grown on a 0.5 micron undoped buffer layer. Diffusion was quenched
after 2 1/4 minutes at S40C, producing a 0.2 micron thick gate layer with a
hole concentration of (1-2) E18 cm-3. This time the gate opening was 1.6
microns by 200 microns. Devices were isolated with a mesa etch. The
characteristics are shown below. The transconductance is 24 mS (120 mS mm-1)
for VUgs between 0 V and 0.7 V. The output resistance is 9 kohm at Ugs = -1 U,
The saturated drain to source current was 150 +- 10 mA from one device to
the next over a wafer 10 mm on a side. The dc drift i 3% or less in 1lES s.

The best dc characteristicg and the lowest leakage have not yet been
brought together in the same device, although there is no fundamental reason
why this can not be done. The InP JFET is a stable device with high gain, low
output conductance, low leakage, and good wafer uniformity, features required
for many electro-optic and power applications.

This work was supported by the Office of Naval Technology. The authors
thank J. B. Boos of NRL for his generous advice on JFET technology.
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RADIATION EFFECTS ON InP BASED ELECTRICAL AND OPTICAL DEVICES

K. N. Vu, J. Y Yaung and R. E. Helander

TRW/DSG
Systems Engineering and Development Division
Carson, CA

375




uoisialg uawdojanaqg pue Bulseauibug walsAs
DSA/MYL

lapuejoH '3 'Y
Bunea A T
NA'N M

S991A9Q |eondQO pue |B214199]3

paseg duj
uo s199))3 uoneipey

377




SUOHBPUBWWOI8Y
uoisn|ouo)
S{(@Q iejos ,
8dIA8Q 18H .

90IA8Q LN3H .
uononponu|

[UMNo

378




(!61) uonepeibep Ao -

Anfh pue mE‘ 41,v) jerowes 1B .
(d1) uononpas swne; 181110 fjuouy .

$1%90}}3 uoiinepN

(!61) uonepesbep Anjqow

Aom; pue mm: ._:>5 leAowey 1ei1ie)
(d1) uononpas awney i81ued Auouiyy .
abeyes
( e _Z‘

pue 5><v S8dejidjul pue o1103|81p 9y} ul sbuiddesy 8bieyn

.

S1%004)3 esoqQ |vj0)

(wseisueuy wis)-buo| pue .:>$ Buiebyoeg paonpuj-uoieipey .
ASoca

IL) suoioun( 101onpuosiwas ssosoe lussnooloyd .
A::Em

1} 10 x_:ami uoneinpoyw ANAnonpuoy .

$1084)3 oley asoq

379



9d1A2d LW3H

380




(dul) pest= (syeo) pesy

c

L8611 PUB Gg6 | 18QW8Ia( ‘80UdIOS JBSIINN UO SuoldeSuURl] 33| .

ANEo\S
oL~ L~
St The uoinesy
((reuejew) peu)
mo—z mo—z esop jejo]
(1esuy) o1< (seeul) o1~ |(o@s/(leueiew)pe.)
(jeubip) H > H oley esoq
eybip opop (1enbip) opo—a
syeouy syeoly JuBWUONAU]
JN3H uoljeipey
")\/\/\/\.{1’\'\/\/\/\]\
dul IS 31vH1S8NS sveo IS
sy ISuIIv.N CEEED: _Sveo.d
sytSuji¥eo N TINNVHO T syen . d
sySu*iv N H3lHuvae sV Lentiy,N
m<nm.c_h'.ﬂo+z dv2d SYe9 N
LW3H LN3IH
syujen NivHQ 3OHNOS . . syeoly

J1vO

IW3H SveHu] pue syeHjv ul S193))3 uonieipey

381




spoylew Buissasoid peaocidwi .
(eomejaedns) Jehej tepng -
Buisn peziwiuiw aq ued
luaisuel} wisl-6uo| pue Buitebyoeq peonpui-uoiieipes jo s108)3

bunesado

Bunesado
UNBIseo, . (qup) |

(sven)

ploysaiy) ales asop @YD
-suoniedjdde (1eauyy) Aouanbauy ybiy semod-ybiy | WIH syeou;}

duj ut JH3 uonessuab 1aybiy
01 8np p|oysasiy} alelr asop jamo[-suonedldde jelibIp JWIH SYeOuU| .

uannos mm_n-mc:maqo_ .
‘uonoun( jenualod ybiy ssoisoe (4H3)
So:a_

d1ed 8|0y-uU04}09|8 JO UOISN}}IP PUB }IIP O} 8NP MO} IUBLIND-
AliAnonpuod yinq

Ul 8se8Jdul 0} anp ulesp-0]-894N0S }/q MO|} ~c®:30-~:3_._m._ .

Buijessdo
| <

< roa_ . ::Em_

Se 3aunie} 10 18sdn ajei-8sop aulyeq -

S1904)3 9ley 9soq

LW3H ul urdduoy Ajewiigq




du| ui s1o8}ye buibewep uolinau ssasse 0} |SIxe BlEp ON -
821A0p J0111BD Aji0fRW-S108}48 UOIIONPBI BWII8YI| 18111 AJLICUIW JRWILIY .
| S108448 uoiinsu jueulwop-uoliepesbap Allj1qow pue |BAOWSI JBIIIRYD .

W $1998§}3 uOIlNON -

1oiejnsu) ayeb ou-  W3IH Ul jlewiuiw s1 sioaye sbuiddesy abieyy .
_ (LW3H) 8dtA8p J81iied Ajuolew ul [RWIUIW-UOONPB) BWII8}I| 1814182 Ajuoulp -
|
duj ueyj syeo ui uedyiubis aiow s1o08y}3 .
aouejonpuoosuel} 1amo|-uolepesbep Aljiqoyy -
abejjoa pioysaiy) ur abueys-jeaowas sjeuie) .

1W3H ul sjo8yje
8sO0p |10} JuBUIWOP 8y} aie uonepelbap A)jIqow pue |BAOWSY J81IIBY .

S$1094}3 esoqg |8j0) -

LW3H Ul uldduo) AJepuodas

383



S30IA30 189H




(pelewnse) 0L-. 01l (;wo/u)

; SL”" vl
1047y, 0 uonnen
(perewnse) 0L~ ((lenejew) pe)
(04~ 8 8sop |2j0)

(pejewryse)

(o8s/(jeusiew)pe,)
enb > :
(renbip) 010 (1enbip) 010t~ eley 8soq
Sveoui syeo|y luswuosiaug
uoljelpey
19H “
=
du) alvuisans Is ‘ sved
sv ooty 77 HOL123710D +u 7, Ve
sy enfSy -u syed
sy ey Sy sveo
svully sVe9IvY
svyuiliv'en) sY89
18H 18H
syenu| sSYyeoly

HILLINI

18H SveDu] pue syen|y u] s199}j3 uone|pey




1GH dui ut s129}4e abewep uosineu ssasse 0} SiSIxa ejep ON

w
(7 6) aouelonpuoosuel} J1SULIIX8 Ul 3SBBI0BP .

}) uone|1aso Jo Aouanbal) wnwixew ul 8se8II3P .

Xew
(
Anmv adue}s|sas aseq ul 8sealdu| .

S108jje uosineu A1epuodas ase uolepesbap Ayjlqow pue jeAOwal Jjsuie) .
uteb us1ind Ul aseasdsp .
lojoey Ajljespl JualInNd aseq ul asessdul .
lud1IN) UoNBUIqWOD8) Ul BSBBIDUI .

138}}@ UOJINBU JUBUIWOP 3Y] SI UOIONPAL BWBYI| 1811180 AILIoUIW
$109})3 UOJIINAN

19H Ul UIddUOoH H._GE_._A_

386




'8IndN.Is 181 LgH SYeDIV MYL Ul paA1asqo aiam sbuiddey) ebieys oN .
dul uey} syeo ul luedyiubis ejow ase sjoe) e ebewep ssop (B10] .
S108448 uoJInau o} Jejlwis S108y)3 abeweqg .

§10984}3 8so0Q |8l0])

uauno Buiselq | gH syenu)
18ybiy o) anp pjoysaiy} 8jes asop leybiy-suoilesydde seauy JgH sveou| .

SYED uey} du| Ul dH3 uonelsuab
19ybiy o) anp pjoysaiyi sies asop 1emoj-suonesidde jenbip | qH syegu| .

ainjonns
158} 19H SYeDIY MUL Ul P8AISSqO 81aMm sjuaisuel) wie) Buo) oN .

"S8J1A8D }1/q S10BJU0D 10}08||0D |elluslodinba Ajalewixoidde .
10108(j00 +u padop-Ajybiy .
0} anp wnwiuiw aq pINOYS S108448 UOlIBINPOW ALIALIONPUOY) .

‘luasinoojoyd psaidnjnw
-Blog 0] 8np 1gH Ul 108}}8 8leJ 8SOP JuBUIWOP BY} @qABW JuBIINJ0IOYd -

$100}}3 ejey esoqQ

387




(301dS) 1018|nWIS NN211D

(101e1nwis opsed aluon pue ‘|gWVE ‘SIDSId ‘11l NVAIS) J01B|nWIS 801A8p -
(Al IN3IYHANS) soienwis Buissaosoid .

S821A8p SYeHU| JO S8OURIB|0} uolleIpes ay) Buianoidw) Jeyliny
ojut siybisus ureb o) papuawwodes ase Buiapow $19848 UOIIBIPEL [RUOIIPPY

S801A8p SYBOU| UI NS
S82IA8P SYBDU( Ul S}08}}d dlBI 8SOP
S821A9p SYEBOU| Ul S103})8 JUBWade|dSIP UOIINBU

SS8sSE 0} UdYEJIApPUN 8Q P|NOYS SIS8} |RIBAGS

suonIepUsWwWoddy

‘'saiuadoud jenalew duj jo Apnis J1no uo peseq
suoneoydde sjuewaiinbai uoneipes ybiy 10) jesp: eJe | gH Pue 1 NIH syeou)

UoISN|ouo)

188




S{|8) 1ejoS du|

389




QAJOW - O0HI X NO)JV) I NIV S

Hvaisens

o £°0) n0aNIN

UADXOM - UOH] 84 HINOW)

z-c—-. L 4 ] ﬁ :—c_-c N/ 4 d
:o..\ L |1 v :a-s Ll t L]
oy N 4G . :
™ [} d a_e_-.u.,- LY ('] L}
A A -
‘WOlive wrt ‘N0l 1VYL wrt
L 20 ICU e WIw0) | wotw | oo
1Nv40q .xi.:.: f—».L 1Nvd00 - AL 3dAl
~ N wed L . NN dev ]

sy V0 870y

— M Vo) wv

(TT®D syeo butreduo))

NOISN410 03ddv) T80}
N340 ‘O00HLI M HLNOWD

NS/ IXVINGD WVE N1/0¥ D ININGD XIVE
Jvuisuns
(/g 01X 5S) ¥ 3LvyISUNS
nog . .
Ot | (wsgon 5y v w....3\2..:5 w:Nl) @
nso (/g 01Ny d 4uﬂ.\l-_|o.|\..ﬂu...lml t 0b00
,ISU e300
\

n $90°0
1]
4 _. AN
. ’ v J (111
') : [
(379,01 1) 4 ! 1v0)

swwivy /

14

]
i
]
]
Solas wvoy w!

e\ﬂ

ir

(ned duy)

S dv) swvg

390

]




(wy) spmnjy

01 N1} Ol 01
1 0
039 ,
IS -
syen
&C- - OON
=00
IS/sveD
IS/du|
J

(indino pelens|ed)
J ] } J] w

(6% sod yem) semod oy108ds

391




{;-wd) § s3uan); uoyoud L

..Q— N-OF .-O— m.O-
T T | T T I T T 0
125 17°
///:8 syen //
~o !
~ /
112 qu) I/IIII/./
L. 1 | L
o0t 0l o0l
{pey) ssop Aes-L
SAel ewweyn

OL/°U anjea pazijewsop

z-¥? TIWNd NOULIITNI A L

g0t G0t 210! :2.%
_/, N\ ,/ I

\ N oW

/// // /\ w0 iy 15— 9
/ / r IO
NN N\ K |
W g WI-13 0L _ml// l?
/ /
Ued-syvg / / o — 8
/// Y
- ~ ,l.l 9
/I/,
S

-~

alwiuniIu “qut -

U01199|3

(1S pue syen o} pasedwon duj)

0t

AIN3121943 Q3717V4HON

392




Jo “INLVYIdWI INITVINNY
002 001

U ot - 38nivyigwa 1v Wil

¥IMOd WNwixwy Q3Z1ywyon

2-42 1101 - 3IN3M3 NowIITIY Aaw
A¥IA0I3Y ATawo)

(D.001L~91njes0dwWwo) mo))

DUNesUUY [eWIdYL [[9) T8j0S gU)




'P3puswwodas aie uole|nwis |edudwNU pue Bunsay seyung -
(11 s buayg pue bune A °r o} Jajay)
Suonenlis [euoioallp luwo pue jewsou yjoq je abewep
uoloud 10} 182 u+d pue d+u usamjaq 8duaJdyjip awos Joadxy -

(*dx3 aouapiou IBWION-U01}28)|3)
SI|8d u+d pue d+u usamiaq aouslayIp NN -

abeweq uojoiq pue uoi1%9|3

SUJdaduo) S(ja) 18|08 Juj

.

394




luewaiinbes souewioyied Buos)s yum
suolleoldde sssupsey ybiy 1oy yuswdojeasp 8oinep Ju| sisebbns Juswssesse siy|

S80IABp SyYeD 0} JusjeAinba Jo uey) Japiey A|jBwiou 8ie S83IAep Ju|

ToIsSnouoy

L

5

395




uoijasur Abojouyosy 104
Allnjaied sjjohed aje|nojeo/slewlise -
Aywunuoddo 18y)iew slojdxs -

|suuosiad ABojouyda)
a8yl pue waisAs usamlaq uoljeI0qR||0D Salinbal uonelo|dxa 1a)ieW BYJIN

seoinosas Buneys Aq way, aA|0sas § swa|qoid |ejuswepun} aye|os| -
abueyoisslul |eoILYO8) (YY) swesboud -

"1S00 8y} 8onpa.
0} ybnous Ajued palapisuod a8q PINOYS S10}0B) Juswsdueyue ANjIqIonpold .

"'sjuawaesinbes weiboid |eI1oads
ewos }8awW ||IM ssaupiey/aouewliojied jeY) 8insua 0} papuawwoos. sie sbuiise)
uoielpes pue sbuijspow sjoej)e uoleipes ‘sbujjepow 8diA8p ‘SUOIlBINWIG 8DIABQ .

suonepuawWWosay

306




e o ——— Y — —— A G S S —

2-40 GHz InGaAs HEMT MONOLITHIC DISTRIBUTED POWER AMPLIFIER

J. Berenz, J. Yonaki, K. Nakano, M. LaCon, K. Stolt,
H. Wieder*, and P. Chu*

TRW
Electronic Systems Group
One Space Park
Redondo Beach, CA 90278

*University of California
Department of Electrical and Computer Engineering
La Jolla, CA 92093

397




£6026 VO ‘ejior e
Bunesuibu3z Jeindwo) pue [eo1199|3 J0 Juawleds(
obaiqg ues ‘elusojijed jo Alsianiun

NYD "d Pue 18p3M ‘H

8206 VO ‘yoeag opuopay
yied aseds auQ
dnoun swaisAg 21u04309|3

399

AA)I

}01S ") ‘uodeq ‘N ‘oueieN ") ‘INeUOA °r ‘zualag ‘p

1yiidwy painguisig
JIYyHjoUoN 1INTH SVYevu| ZHD 0b-2




BTG

ur

{(ZHI) AININU3YS

ﬂ
|

;

PR SU——

0Z
M
|
_

h

SO1 NYMi3Y

~{8P) NIVY

w |

b LA

0C-

Gl

ot-

ot
Gl

(zH9 81)Edl wap /g

(zH9 0g) | ~d wgp Gi<

(ZH9 G¢ 03 ¢) uteb gp 8<
aouewIo}ag

(ap

<

«

spunoib ein 33IN0S
salipuy 1y -«

siojoeded WIN -

syeguj aydiowopnasd
yipim 31eb uosiw Qof =
yibua; a1eb uosdw Gz =
sainjea]

Zuw 'L x 80 = 3ZIS diH)

68Z1ECEC

—— B -

.BE_._:E em?..?ﬁi

yujouoy LINIH svedul ZHI OF 93 ¢

T R 0 0 Ty T T ———

400




(ZH9 02)
VIN 8l 9T (wgp) £4di
(zH9 81) (ZH9 02)
£l VIN Gl (wgp) L4
g g VIN (@) 4N
8 0l 8 (gp) ueg
g 01 ¢ 07 0 ¢ GE 01 Z (ZH9) vipimpueg
syeg/syegly | syeg/syegly | syegujsyenly 9uBWI0}13g
ueuep MYl Myl adA]
aouBW.IOLIA]

pudwy painquisiq jo uosiiedwon
AAMI #

401




indinQ samod 1aybip e

yipimpueg Jopi @

uies) JaybiH @

:ssaiydwe pajnquisip pueqspim
10} sabejueape asuewopad Jueoyiubis
sapinoad JINTFH syeHvuj oiydiowopnasd

sSuoISNjouo0

402




————— U S WY W ST e —

2 - 40 GHz InGaAs DISTRIBUTED POWER AMPLIFIER

M. LaCon J. Yonaki K. Nakano K. Stolt J. Berenz

- TRW Inc.
One Space Park, Redondo Beach, CA. 90278

Abstract

This paper presents the design, fabrication and evaluation of a distributed wide-band mono-
lithic amplifier using In-GaAs/GaAs pseudomorphic HEMTs. The measurement results show
the amplifier operates from 2 to 40 GHz with 9.5 dB gain and 15dBm P_;4p output power. This
is the best result reported for wide band distributed amplifiers, and the first cascode connected
In-GaAs/GaAs HEMT distributed amplifier using constant R-networks for circuit matching.
The amplifier chips developed are key components for EW applications. With our systematic
design approach and In-GaAs/GaAs HEMT technology, development of ultra wide-band power
amplifiers up to 100 GHz can be realized.

1 Introduction

The introduction of the traveling wave concepts has provided a new technique for wide-band am-
plifiers at millimeter wave frequencies. With the advent of In-GaAs/GaAs HEMTs. interest in a
new class of wide-band amplifier circuits has increased. The distributed amplifier described here
provides a method of achieving performance that is better than more conventional single gate FET
circuits, and in a manner that allows the integration of larger periphery transistors suitable for high
power amplification. In this paper, three techniques are used to address the problem of wide band
power amplification: the use of constant-R networks rather than the more conventional constant-K
network, the cascode connection of two transistors to augment a dual gate FET characteristic. and
the use of a capacitive divider to overcome the higher input capacitance.

2 Design

The two principle advantages that make the InGaAs HEMT suitable for power amplification are
high peak transconductance and high saturation currents. In this design. two transistors in each of
4 amplifier sections are cascaded together. The cascode configuration is facilitated by connecting
a 300 micron common source HEMT in series with a common gate HEMT of the same source
periphery. The two HEMTs are connected using a high impedance transmission line which can be
used as a tuning element to correct the pass band response of the amplifier. The cascode connection
of the two transistors provides several advantages'l. 2. The drain bias is distributed across two
transistors in each section of the amplifier. Since the bias voltage of each transistor is limited by
the reverse breakdown of the gate to drain region. this configuration makes it possible to operate
the power amplifier at higher bias voltages because the drain to source voltage is dissipated across
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two transistors. The output impedance of the common gate HEMT is higher than the common
source HEM'I' used at the input of each amplifier section. This provides a lower attenuation across
the output matching network. The constant-R structure is realized using a folded coupled line
connected with small parasitic transmission lines and an airbridge. The amplifier was designed by
connecting the constant-R structures together with the parasitic input and output capacitances of
the HEMT to form an artificial transmission line structure terminated in 50 ohms. The physical
layout of the constant-R structure shown in Figure 1, presents a constant impedance which is
independent of frequency. The coupled transmission line provides the mutual inductance and
coupling capacitance, while the interconnecting transmission lines and airbridge crossover provide
additional parasitic inductance and capacitance. A schematic representation of the constant-R
network is shown in Figure 2. The advantage of this network over conventional constant-K networks
can be seen in Figure 3. The result is a much higher cutoff frequency. The use of capacitive coupling
is accomplished using thin film capacitors connected in series with the common source HEMTs of
each amplifier section. The capacitors form a capacitive voltage divider at the gate terminal of each
device reducing the magnitude of the input signal voltage[3l. When the capacitor is equal to the
gate capacitance the equivalent input capacitance of each section of the amplifier is reduced by one
half. The reduction in voltage across the gate capacitor results in a 3 dB drop in gain from each
amplifier section. This can be compensated by doubling the source periphery, effectively doubling
the power handling capability of the amplifier. A schematic of the distributed amplifier is shown
in Figure 4.

To simulate and optimize the amplifier design, a non-linear model for the single gate HEMT is also
derived. The characteristic of the non-linear elements in the linear model were determined using .25
X 300 micron In-GaAs/GaAs HEMT single gate device measurenients at various bias conditions[4].
The non-linear simulation was performed by using time domain analysis.

3 Fabrication

The circuit was fabricated on an In-GaAs/GaAs heterostructure wafer grown with MBE. The device
structure in Figure 5 utilizes a TRW baseline planar HEMT process.

The process begins with oxygen ion iinplantation to obtain device isolation. This implantation
process is critical for uniform EBL gate processing. Ohmic contacts are deposited using gold-
germanium metalization. A contact resistance of less than .08 ohm-M) is achieved by using rapid
thermal alloying. Thin film resistors (ni-chrome) are deposited by a standard liftoff process for the
bias networks and distributed network terminations. A thin laver of metal (Ti-Au) is deposited
to form the first level metal: this layer is used to form the matching networks and bottom plate
of the capacitors. Electron beam lithography is used to define the .2 to .25 uM gate length resist
patterns. Gate recess etching is performed followed by gate metal deposition. A thin dielectric
film (silicon-dioxide) is deposited to form the MIM capacitors. The capacitors are used in DC
blocking and RF bi-passing functions. The top metal is defined using an airbridge process. This
form of interconnection reduces crossover parasitics and improves circuit yield. Liftoff techniques
are used in both dielectric and top metal process steps. The substrate thickness is reduced by
lapping the wafer to .1 MM. The substrate vias and backside metalization complete the process.
The distributed amplifier chip is illustrated in Figure 6. The chip measures .85 X 1.5 MM and
contains eight .25 X 300 uM cascode connected single gate HEMTs.
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4 Results

A comparison of non-linear simulation and measured results shows good agreement. A plot of the
measured and simulated results is shown in Figure 7. The amplifier has a measured gain of 9.5 dB.
The close match not only verifies our model but also ensures that the design approach developed
can be extended to higher frequencies. The saturation characteristics are shown in Figure 8, the
amplifier exibited a 15.35 dBm P_,4p compression point.

5 Conclusion

A compact wide-band power amplifier has been described in which InGaAs/GaAs HEMTs exhibit
high gain-bandwidth product, high power output, and excellent linearity. Based on the size of
the chip and the nerformance, this circuit will be a very attractive candidate for many wide-band
amplifier applications.
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Figure 4: Schematic of Distributed Power Amplifier.
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HIGH EFFICIENCY, WIDEBAND GalnAs MISFET AMPLIFIERS

D. Bechtle, P. D. Gardner and S. Y. Narayan

David Sarnoff Research Center
Subsidiary of SRI International
Princeton, NJ
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NOVEL APPLICATIONS OF InP BASED TECHNOLOGY: NEUROCOMPUTING

R. Singh

School of Electrical Engineering and Computer Science
University of Oklahoma
Norman, OK 73019
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NOVEL APPLICATIONS OF InP BASED
TECHNOLOGY: NEUROCOMPUTING

R. Singh

School of Electrical Engineering
and Computer Science
University of Oklahoma
Norman, Oklahoma 73019
(405)325-4721




HIGH T,
SUPERCONDUCTING MATERIALS

e Only applications that are revolution-
ary rather than evolutionary will find
market place immediately.

e Typical Example: Neurocomputing
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NEUROCOMPUTING:

Deals with non-programmed adaptive information pro-
cessing systems (neural network)

NEURAL NET:

A neural network consists of a collection of computational
units (neurons) that models some of functionality of the

human nervous systems and attempts to capture some of
1ts computational strength.
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DIGITAL Vs. ANALOG

A-Digital
Strengths

Design techniques are advanced.

Noise immunity is high.

Computational speed can be very high.
Learning networks can be implemented readily.

Weaknesses

e Digital circuits must be synchronous while real neural nets
are asynchronous.
e All states in a digital network are quantized.




B-ANALOG

Strengths

Asynchronous behavior is automatic.
Smooth neural activation is automatic.
Circuit elements can be small.
Weaknesses

Noise immunity is low.

High precision is not possible.
No reliable analog, nonvolatile memory technology exist.
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STRATEGY FOR NEW PRODUCT DEVELOPMENT

e Analyze the state of the art.

e Propose new schemes which build on any strengths and/or
remove any limitations that are revealed by tbe analysis.
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Discovery of High
Temp. Superconducting

' Phenomenpa

Development of
Thin Film Deposition
Techniques

v

Development of
Devices Suitable
For DSP Applications

Y

Fabrication of
Superconducting Chip
Based on Available

Architecture

Compete with
Advanced Semiconductor
Digital Signal
Processor

Low Probability of

|___Market Penetration

EVOLUTIONARY APPROACH

Fig. 2. Evolutionary scheme for the realization of advanced signal processor.
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Neural Network

Fig. 3. Revolutionary scheme for the realization of

Identification of Development of
Moet Advanced of Thin Film Deposition
Digital Signal j*—+4 Device Concepts |e—o- Technique Suitable

Processors Suitable for for Higb Performance
Requirements Advanced DSP
DSP
Development of Development
New Architectures { Fabrication Technology ¢
To Meet the Suitable for Advanced
Requirements of DSP Devices
Advanced DSP

Fabrication of DSP
Superconducting Chip
Based on Most
Advanced Architecture

Y

Compete with Advasced
Semiconductor Digital
Signal Processor

High Probability of
Market Penetration
Due to the Superior
Performance of
Superconducting DSP
Compared to Available

Semiconductor DSP

REVOLUTIONARY APPROACH
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Superconductor vs. Semiconductor Electronics

Superconducting Electronic Devices
Advantages: 1. High Speed
2. Ultra Low Power

3. High Speed Interconnects

Limitations: 1. Limited Integration Density

2. Non-Transistor-like Devices
Latching (must be reset)

Use threshold (not restoring) logic

Non-inverting

3. Low (it any) Power Gain

Semiconductor Electronic Devices

Advantages: 1. High Integration Density
2. Transistor Properties

3. High Power Gain

Limitations: 1. High Power Dissipation Density

2. Significant Interconnect Delay
(note complementarity of technologies)

431




Hybrid Electronics:
An Anti-Traditional Technology

Results of High Temperature Superconductor Developments

1. Conventional superconducting devices still have the

same limitations

2. Overlap of allowable operating temperatures for

superconductor and semiconductor electronics

Hybrid devices and systems are now feasble

Why Develop Hybrid Superconductor/Semiconductor Devices?
1. The complimentary advantages of the two technologies

would combine, rather than compete

2. Improvements of hybrid systems would result

from advances Iin either technology




Hybrid Device Considerations

Desired characteristics of hybrid devices

1. Include essential structures and operating mechanisms

of semiconductor devices

2. Incorporate superconductors and superconducting
phenomena to improve operation

Types of hybridized semiconductor devices

1. Passive hybrid - superconducting Interconnects

2. Active hybrid - operating mechanisms modified
by inclusion of superconductors

Fabrication Concerns

1. Device Integrity must be maintained through all phases
of tfabrication

2. Acceptable superconductor/semiconductor Interfaces
must be attainable and stable
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Hybrid System Contact Configurations

Superconducting Interconnect

Semiconductor Device

Direct Contact Interface

Superconducting Interconnect

Metal Interface

Semiconductor Device

Metal Intermediary Interface

Superconducting Interconnect

Dielectric Barrier

Semiconductor Device

Protective Barrier Interface
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DRAIN (SU)

SUBSTRATE (SE)

RTT Side View

R =i %_J
= —

‘ } GATE
IC :
M

Source/Gate Configuration

SU: Superconductor SE: Semiconductor
B: Barrier Layer D: Dielectric

Proposed Hybrid RTT Structure
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(C) - (A) (C)

N

a) Unblased

(C) -

(A)

c) Anti-Resonance

Ec

b) Resonance

C: Cathode
A: Anode

Resonant Tunnel Diode Conduction Band Diagrams

by

Current

Applied Bias

Resonant Tunnel Diode |-V Characteristic
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Gate Barrier —»

L
/4

Source Barrier —

(Source/Gate)

Vs = 0 (Resonance)

Source Barrler-——ﬂ>
\
Gate Barrier—b
(Source)
Y ' \Y -
QVes =4
(Gate) ¢ DS ~— (Drain)

Vs = ¥s (Anti-Resonance)

RTT Conduction Band Diagrams
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(SE)

"GATE (SU)_

SUBSTRATE (SE)

SU: Superconductor SE: Semiconductor
Dielectric

Hybrid MOSFET Device Structure
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Conclusions about Characteristics of
Next-Generation Devices

Characteristic Reasons

1. Quantum Controlled No suppression or Ignoring
of wave nature of matter

More efficient operation
(only fundamental limits)

2. Heterojunctions Abrupt, not gradual
Don't degrade with scaling
Allow thinner active region

Band gap engineering

3. Vertical Structure Less varlability of dimensions
Thinner active region

Higher current capability
Desired Result: sub-picosecond switching

Proposals: 1. The Resonant Tunneling Transistor

2. Superconductor/Semiconductor Hybrids
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OUR PROPOSED DEVICES BASICALLY
VERTICAL STRUCTURES

L=0.1um
W =1-10pum
AREA = 0.1 —1.0um?
SWITCHING SPEED ~10 — 100fs(1fs =10~15s)

ULTRAFAST, AND ULTRA DENSE PACKAGING.
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KEY MATHEMATICAL EXPRESSION:

n—-1
S = E T,'J'Vj

5=0

n = number of neurons in the neural network
V; = state of neuron j
T:; = synaptic weight of the neuron 1 related to input V;

Vi Ti R Neuron |——»3 S
i’ 1
Vn—l Tin—l .
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MULTIPLEXED INPUT LINES
A T A A !

INPUT LINES
14 diid
ULTRA HIGE SPEED
BIT SERIAL PIPELINED MULTIPLIERS MULTIPLIER
ACCUMULATOR
! RS l 1 l
OUTPUT LINES l

SINGLE OUTPUT LINE
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T W 2T 2w 2 W G e

LOCAL MICROPROCESSOR

DECODER

ADDRESS
CONTROL

MULTIPLEXED

MULTIPLIER ACCUMULATOR

MEMORY
CONTROL

DATA CONTROL

- -

v W

MEMORY
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PERFORMANCE AVALUATION

Chip Area

The resonant tunneling transistor, because of its vertical

structure, has no device area beyond its contacts. For an

8 x 8 bit parallel multiplier the required chip area will be
RTT Realization ~ 0.7mm?

CMOS Realization & 2.0mm?

Speed

RTT =~ 3.8ps
CMOS = 8.0ns
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MILLIMETER-WAVE InAlAs/InGaAs/InP LAITICE-MATCHED HEMTS

P. C. Chao, K. H G. Duh, P. M. Smith, J. M. Ballingall, P. Ho,
A. Tessmer, M. I. Kao, and A. A. Jabra

Electronics Laboratory
General Electric Company
Syracuse, NY 13221
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MICROWAVE PERFORMANCE AND CIRCUIT APPLICATIONS OF InP/GalnAs HBTS

Leye Aina, Eric A. Martin, Mike Mattingly, Mary Serio,
Erica Hemlpfling, and Lisa Stecker

Allied-Signal Aerospace Company
Aerospace Technology Center
9140 0l1d Annapolis Road
Columbia, MD 21045
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MICROWAVE PERFORMANCE AND CIRCUIT
APPLICATIONS OF InP/GalnAs HBTs

BY

Leye Aina, Eric A. Martin, Mike Mattingly,
Mary Serio, Erica Hempfling, Lisa Stecker

Allied-Signal Aerospace Company
Aerospace Technology Center
9140 Old Annapolis Road
Columbia, MD 21045
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OUTLINE

e MOTIVATION & JUSTIFICATION

e DC & MICROWAVE PERFORMANCE

e CIRCUIT APPLICATIONS
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HBT STRUCTURE AND FABRICATION

E cI)r C AuGeNi
B l ,IV'/.PV . A%nNi
n*in
CorE / n-InP A AuGeNi

l / | p+-InGaAs \

I

/ n* InP }

Sl InP
T — T T—T T——T T — T T — T T

+ GROWTH
OMVPE AT 650°C
REACTANTS: TMI, TMA, TMG
DOPANT: Si & Zn

e FABRICATION PROCESS

ALL MESA ETCHING
SiO, PASSIVATION & ISOLATION

EMITTER & COLLECTOR CONTACTS --- p ~10"%a -cm?2
BASE CONTAGTS --- p ~107a-cm? °°
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TYPICAL HBT LAYOUT

—_— —— —— — _——— TN

IV CHARACTERISTICS OF
HBT WITH 5 x 10um EMITTERS

T = 20.A/STEP| /
o8 |

COLLECTOR CURRENT (mA)
S

N 1 2 3 4 5
COLLECTOR- EMITTER VOLTAGE (V)
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CIRCUIT TOPOLOGY OF HBT INVERTER

‘VEE = -—2V

TRANSFER CHARACTERISTIC OF HBT INVERTER

|
|

OUTPUT VOLTAGE (V)
o

-7
-15

0 1.5
INPUT VOLTAGE (V)

e VOLTAGE GAIN = 15
e NOISE MARGIN = 6 VOLTS
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SELF-ALIGNED NOTCH

FABRICATION SEQUENCE

/ / / / / / / Slant Evaporation

Phoforesist r—— AuGe/Au

n

Si Sub§trate

bbb b b bbb Oxvgen

Implantation
| _ Photoresist — AuGel/Au
H n

S| Substrate

Oxygen Damage
Cathode / Anode
AR

n

S| Substrate
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